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This thesis focuses on the development and analysis of surface passivating 
amorphous silicon alloys for heterojunction silicon wafer solar cell applications. 
As the narrow process window of conventional intrinsic amorphous silicon, as 
well as a high ion bombardment at higher deposition rates, limits its industrial 
applicability, an alternative material and deposition method that excels in both 
passivation quality and industrial compatibility is investigated in this thesis.  
This work first explores the fundamental relationship between the pas-
sivation quality of amorphous silicon and capacitively coupled plasma parame-
ters. It is found that a good passivation quality is only observed under controlled 
temperature and gas flow conditions. The relationship is cross checked with lit-
erature reports and found to tally with general perceptions. A high-quality ref-
erence is then set up to facilitate subsequent analysis. Next, the research con-
firms the narrow process window of amorphous silicon as a passivation layer 
on crystalline silicon substrates. Besides its susceptibility to temperature in-
duced epitaxial growth, this material also demonstrates a small process window 
in terms of chamber pressure when deposited near the phase transition region. 
With the support from optical emission spectroscopy, it is found that the small 
process window is the result of the delicate balance among plasma species. 
The investigation then moves on to the development of an alternative sur-
face passivation scheme to replace amorphous silicon using an industrial plasma 
reactor with reduced ion bombardment. By applying the new process - which 
xiii 
Summary 
consists of remote inductively coupled plasma deposited amorphous silicon 
suboxide thin films from a high-throughput pilot line tool - to solar-grade n-type 
Czochralski-grown silicon wafers, a state-of-the-art passivation quality with an 
extremely wide process window is demonstrated and compared with other ex-
isting high-quality passivation schemes. A detailed understanding of the film 
properties and the deposition mechanisms is obtained by a sequence of electrical 
and structural measurements, such as quasi-steady-state photoconductance de-
cay, Fourier transform infrared spectroscopy, Raman spectroscopy, spectro-
scopic ellipsometry, secondary ion mass spectroscopy and high-resolution 
transmission electron microscopy. The excellent passivation quality is shown to 
be a direct consequence of a high hydrogen content in the film, while the wide 
temperature window results from the suppression of epitaxial growth. Interfa-
cial defect density comparison between capacitively and inductively deposited 
samples using computer simulations confirms the benefits of low ion bombard-
ment from the remote inductively coupled plasma process. 
In summary, an improved surface passivation scheme using inductively cou-
pled plasma deposited amorphous silicon suboxide thin films for heterojunction 
silicon wafer solar cells is successfully developed in this work. Comparing with 
standard capacitively coupled plasma deposited amorphous silicon, this new 
process demonstrates a suppressed epitaxial growth that improves the robust-
ness of production, and a superior passivation quality which benefits from the 
low-damage deposition method. Therefore, the high-throughput industrial in-
ductively coupled plasma deposition approach is very promising as a robust, 
high-quality and productive process for heterojunction silicon wafer solar cell 
manufacturing. 
xiv 
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 Chapter 1 Introduction 
 
Solar power has become one of the most important forms of clean energy. 
In particular, photovoltaic (PV) devices play an increasingly important role. PV 
refers to the direct conversion of sunlight (photon energy) into electrical energy 
using solar cells [1]. With the sun supplying more than 10,000 times the energy 
that humankind is consuming now every year, PV is considered as one of the 
most promising and elegant power generation technologies to meet the ever-
increasing energy demand, due to its stability, reliability and pollution-free op-
erations [2, 3]. 
The discovery of the photovoltaic effect dates back to the 19th century by 
Edmond Becquerel. About forty years later, William Adams and Richard Day 
discovered spontaneous photocurrent generation from a piece of selenium con-
tacted by two heated platinum plates. In 1884, Charles Fritts prepared the first 
large-area PV device with selenium, gold and another metal. On the physics 
side, Max Planck introduced the idea of energy quantisation. Five years later, in 
1905, Albert Einstein proposed that light carried energy which also existed in 
these quantised packets and termed them “photons”. With this idea, he was able 
to explain the photoelectric effect, where electrical current was detected when 
light was shone onto the surface of metal. In 1913, Niels Bohr introduced a new 
model for the structure of an atom. Using a simple hydrogen atom, he depicted 
that electrons could only rotate around the nucleus in discrete “orbits”. Each 
orbit had a different energy level, with lower energy closer to the core. The 
transition of electrons in between orbits was only possible when they lost or 
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gained energy. When an electron lost energy and fell to an orbit with lower 
energy, it emitted a photon that had the same energy it lost. On the other hand, 
it could also jump to a higher energy orbit if absorbing a photon with appropriate 
energy. The idea of photons, the photoelectric effect and the electron orbits 
formed the basic physics of solar cells [4]. 
The first modern solar cell concept was born in the Bell laboratories in 1941, 
which was based on crystalline silicon (c-Si) [5, 6]. By 1954, these solar cells 
had reached energy conversion efficiencies (η) of 6% based on a diffused p-n 
junction structure [7]. 
The first major boost of research and development in solar cell devices was 
seen in the 1960s when they were mainly intended for space applications. The 
development of solar cells for terrestrial use started in the 1970s due to increas-
ing oil prices and oil embargos, revealing the need for alternative fuel sources. 
Since then, solar cells are recognised as a new generation of power generating 
technology that has the advantages of off-grid power supply and compatibility 
with small-scale applications [3]. Since the 1980s, the solar cell industry has 
shown vast advancement in both the scale and cell efficiency. From 1980 to 
2010, the compounded annual growth rate of the PV industry was 31%. Nowa-
days, solar cell development is mainly boosted by the need to reduce environ-
mental damage caused by fossil fuels. With the reduction of cost in Si ingot 
production and the up-scaling of PV production facilities, solar electricity can 
now compete with conventional electricity in an increasing number of countries, 
thus continuously increasing its share in the global energy market [3, 8].  
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In recent years, high-efficiency cell concepts and structures emerged to fur-
ther reduce the cost of PV electricity [8, 9]. The evolution of efficiency and cell 
structures is demonstrated in Figure 1.1. Note that the efficiency for single-junc-
tion cell structures under one-sun condition is limited to 31% by the detailed 
balance proposed by Shockley and Queisser [10]. One excellent example for 
such a high-efficiency solar cell is the so-called “heterojunction with intrinsic 
thin-layer” (HITTM) structure [11] developed by Sanyo1 that has demonstrated 
very promising efficiency improvements from 16% to almost 26% in two dec-
ades [12-16]. Therefore, this work is designated to the understanding, optimisa-
tion and improvement of this type of heterojunction Si wafer solar cell. As a key 
component that leads to the success of the heterojunction solar cells, this study 
will particularly address the advancement of surface passivation technologies 
by using different materials and fabrication techniques to further improve the 
cell efficiency. 
 
1 Sanyo was acquired by Panasonic in 2009. 
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Figure 1.1: Evolution of solar cell efficiency and structures as a function of time 
for different categories of materials. HITTM cell from Sanyo (later acquired by 
Panasonic) shows efficiency improvement from 16% to nearly 26%, leading the 
research of high-efficiency c-Si solar cells. (Source: NREL, 2014). All-back-
contact HIT cell structure reported by Panasonic yielded an efficiency of 25.6% 
in March 2014 [16]. 
1.1. Heterojunction silicon wafer solar cells: a promising candidate for 
high-efficiency PV 
Currently, c-Si based solar cells have nearly 90% market share in the PV 
industry [8]. The dominance is mainly due to the abundance and the well-known 
physical properties of Si materials. Benefiting from the huge success of the mi-
croelectronic industry, c-Si has also received much attention in the solar indus-
try. With the advancements in c-Si production technologies, pure and high-qual-
ity c-Si wafers became available at a much lower price. Nevertheless, wafers 
still make up about 50% of the total production cost for c-Si based solar cells [8]. 
Cost reduction in c-Si PV can mainly be achieved in two ways: (a) the reduction 
of the amount of bulk material used in individual cells and (b) the improvement 
of the cell efficiency. According to a prediction made in 2013, the market share 
of the standard diffused p-n junction solar cells will reduce in 2014, while high-
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efficiency cell concepts, such as heterojunction and interdigitated-back-contact 
cells, will gradually increase their market shares. Therefore, the research and 
development on such cell concepts will become increasingly important in the 
next few years [17].  
The concept of heterojunction solar cells was originally introduced by Fuhs 
et al. in 1974 [18]. It made use of materials that were different from the absorber 
to form a p-n junction for charge collection. Nine years later, the first hetero-
junction solar cell that featured a hydrogenated amorphous silicon 
(a-Si:H)/poly-Si interface with an efficiency of 9% was reported by Hamakawa 
et alia [19, 20], following the discovery of good surface passivation of a-Si:H 
on c-Si [21-23]. The commercialisation of heterojunction silicon wafer (HET) 
solar cells started in the 1990s, when Sanyo introduced the idea of inserting a 
thin intrinsic a-Si:H (a-Si:H(i)) film in between the c-Si wafer and the emitter 
layer to improve the cell performance [11, 15]. Since then, a growing research 
interest was observed for the a-Si:H(i)/c-Si heterostructure, as reflected by the 
large number of publications, see for example Refs. [14-16, 21, 24-46]. In par-
allel, a huge efficiency improvement was achieved. Currently, the record effi-
ciency for HET solar cells stands at 25.6%, using a large-area (143.7 cm2) wafer 
with a thickness of only 98 µm [12, 16]. It is an all-back-contact solar cell, i.e., 
all metal contacts are on the rear of the solar cell. This efficiency is the highest 
ever achieved for a single-junction c-Si solar cell (see Figure 1.1). The success 
and recent popularity of HET cells is mainly due to the following reasons: 
1. The insertion of a high-quality a-Si:H(i) buffer between the emitter and the 
c-Si wafer greatly reduces the defect density at the c-Si surface [47], result-
ing in a large improvement of the cell’s open-circuit voltage (Voc) [15]. 
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Therefore, solar cells with higher efficiency can be produced using the same 
amount of c-Si bulk material [26], which is equivalent to reducing the cost. 
2. The fabrication of HET cells (except the metal contact) only involves the 
deposition of different thin films (e.g., buffer, emitter, back surface field 
(BSF) and transparent conducting oxides (TCOs)). Low-temperature pro-
cesses, such as plasma-enhanced chemical vapour deposition (PECVD) and 
sputtering, can be applied at temperatures as low as 200˚C. Compared with 
conventional c-Si solar cells, which use high-temperature processes to form 
the junction, antireflection coating (ARC) and metal contacts, the HET con-
cept offers a reduced thermal budget. 
3. Due to the reduced thermal budget, thinner wafers (< 100 µm) [48] can be 
used for HET cell fabrication with minimal bowing effect [37],which is gen-
erally observed in high-temperature processed c-Si solar cells. Therefore, 
less c-Si material is required to fabricate the cell.  
Thus, HET c-Si wafer solar cells that have the advantage of efficiency im-
provement, low thermal budget and Si material reduction are promising candi-
dates for high-efficiency solar cell concepts. 
1.2. Thesis motivation 
Despite a large number of publications in the literature relating to HET solar 
cells, the properties and passivation mechanisms of the thin a-Si:H(i) buffer 
layer, which is one of the keys to a high cell efficiency [14, 15, 21, 30], is not 
yet completely understood. It is also reported that a-Si:H(i) material has several 
process constraints, such as narrow temperature [40] and pressure [27] process 
window. Furthermore, the mainstream capacitively coupled plasma (CCP) dep-
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osition technology has several disadvantages, such as high-energy ion bombard-
ment. On the production side, HET solar cells are currently only commercially 
available from Panasonic at a moderate manufacturing volume (~ 900 MW per 
year) [49]. Thus, it is compelling to develop a fast pilot line that uses a novel 
deposition technique with less damage and an alternative passivation material 
that relaxes the quality control, so that HET solar cells can be fabricated in a 
relatively larger scale with a more robust and productive manufacturing process. 
Supported by a public grant from Singapore’s National Research Founda-
tion (NRF, grant number NRF2010EWT-CERP001-022) that aims at the reali-
sation of high-throughput HET solar cell production by developing a pilot line 
with less plasma damage, this thesis focuses on the investigation and develop-
ment of suitable surface passivation layer materials using different deposition 
techniques. As a starting point, the traditional passivation material - a-Si:H(i) 
deposited in a CCP reactor - is studied for its surface passivation and optical 
properties. In order to improve this key component in HET cells, intrinsic hy-
drogenated amorphous silicon suboxide (a-SiOx:H(i)) is developed using an in-
dustrial remote inductively coupled plasma (ICP) source, which is a part of the 
pilot line. a-SiOx:H(i) has shown promising passivation quality when deposited 
using a CCP reactor (see Chapter 6). Combining with a novel low-damage ICP 
source, it is predicted that this passivation scheme can achieve an even higher 
quality. In fact, this material shows promising potential as an alternative pas-
sivation layer in HET solar cells after a comparison with other existing high-
quality surface passivation schemes. The “soft” ICP deposition technique also 
demonstrates excellent ability in suppressing plasma induced damage. It should 
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be noted that there exist very few publications on ICP-deposited a-SiOx:H(i) 
thin films as a passivation layer in n-type HET solar cells. 
Surface passivation properties: The wafer surface represents the termination 
of long-range order in c-Si. Instead of the well-known tetrahedral structure, Si 
surface atoms are not fully bonded with four neighbouring Si atoms. This cre-
ates surface defects through the formation of dangling bonds (DBs). These de-
fects are responsible for major loss in solar cell’s efficiency. Therefore, the key 
to high-efficiency HET cells lies in the reduction of such defects. As a hydro-
genated material, a-Si:H(i) is able to saturate the DBs through hydrogen termi-
nation [21-23]. Through the reduction of charge carrier loss at the interface, 
HET solar cell’s Voc can be greatly improved. This improvement in turn reduces 
the cell’s temperature coefficient, which is important for applications of these 
cells in hot climatic conditions. On the other hand, unlike dielectric passivation 
materials such as thermal or chemical Si oxide (SiO2) [50-54] and PECVD 
amorphous Si nitride (a-SiNx:H) [55-59], a-Si:H(i) is suitable for passivation 
and conduction at the same time. Therefore, it is considered as an excellent sur-
face passivation material and is being widely used in HET structures. However, 
a-Si:H(i) has several drawbacks. The main disadvantage is the high sensitivity 
of the passivation quality on the process temperature [40]. On the one hand, 
very low processing temperatures reduce the passivation quality due to the po-
rous structure caused by excess hydrogen entrapped in the amorphous net-
work [60]. On the other hand, at high processing temperatures, epitaxial (i.e., 
crystalline) film tends to form instead of a-Si:H(i), which is also detrimental to 
the passivation quality [40, 61-63]. Thus, it has been reported that very high 
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passivation quality for a-Si:H(i) can only be achieved near the onset of the mor-
phological transition [64]. For industrial HET cells, this implies great chal-
lenges with respect to manufacturability and quality control. The narrow tem-
perature process window is therefore systematically investigated and demon-
strated in this work, with a detailed analysis of the underlying reasons. An al-
ternative material, ICP-deposited a-SiOx:H(i), is then proposed to replace the 
traditional a-Si:H(i) in order to overcome the mentioned production restriction 
while simultaneously improving the passivation quality. In the literature, it was 
only reported by a small number of groups that a-SiOx:H(i) is able to suppress 
the epitaxial growth at slightly higher temperatures compared to a-Si:H(i) [41, 
65]. However, a detailed analysis on the reason of this phenomenon is missing. 
Furthermore, a large discrepancy in the passivation quality reported by different 
groups is observed [28, 29, 34, 38, 39, 41, 65]. Therefore, it is necessary to fur-
ther investigate, and optimise, this material as a surface passivation layer in 
HET solar cells. 
Deposition techniques: Nowadays, thin-film deposition techniques (such as 
PECVD) are well developed in the PV industry. Large-area deposition with ex-
cellent uniformity is achieved thanks to the advancement of similar technologies 
in the microelectronic and display industries. However, the mainstream deposi-
tion method of the a-Si:H(i) passivation layer in HET solar cells still relies on 
CCP reactors. In this technique, particles with high kinetic energy are generated 
in the plasma and are likely to impact the wafer surface during deposition. In 
direct CCP, the particle energy in the plasma can reach several tens of electron 
volts (eV). High-energy particle bombardment results in severe surface damage 
to the wafer, which is located inside the plasma region. The resultant surface 
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defects reduce the achievable solar cell efficiency. Furthermore, since the 
plasma density and the particle energy cannot be decoupled in such a system, 
attempts to improving the plasma density by increasing the plasma power will 
inevitably induce extra surface damage. In the PV industry, where high through-
put is a top priority, the use of the conventional capacitively coupled (“parallel-
plate”) plasma reactors will always - as a result of the required high plasma 
density - result in a high plasma damage to the c-Si wafer surface. 
In order to reduce charge carrier recombination losses at the wafer surface, a 
new design that combines high plasma density and low surface damage is re-
quired. Remote ICP emerges as a suitable candidate to fulfil these requirements. 
Its particle energy at the c-Si surface can be as low as 2 eV, regardless of the 
plasma power [66]. At the same time, the plasma density can reach more than 
two orders of magnitude higher than that in CCP reactors. The narrowly distrib-
uted electron energy profile further ensures minimal damage to the wafer sur-
face [29, 38, 67]. As a remote system, the Si wafers are located outside of the 
plasma region, thus avoiding the direct impact caused by the energetic plasma 
particles. Hence, such a “soft” deposition system is ideal for the fabrication of 
the passivation layers in HET solar cells. 
So far, only very little research work was devoted in the literature to the devel-
opment of surface passivation schemes using an ICP system. Detailed analyses 
and comparisons with materials using standard preparation methods are scarce. 
This is due to the dominance of conventional plasma reactors in the HET solar 
cell industry and the small number of ICP system suppliers. Therefore, it is 
worthwhile investigating the properties of ICP-enhanced chemical vapour de-
posited (ICPECVD) a-Si:H(i) and a-SiOx:H(i) and comparing them with those 
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deposited using the conventional CCP reactors. In particular, the combination 
of an alternative surface passivation material, a-SiOx:H(i), with a novel remote 
ICP technique forms the novelty of this thesis work. 
In summary, this thesis aims to develop an industrial process for the surface 
passivation of HET solar cells, by using the novel remote ICP technology and 
an alternative passivation material. With priority given to the production of 
high-quality passivation layers and the development of an industrially robust 
process, this research also serves to increase the throughput of HET solar cells 
and, potentially, reduce their production cost. 
1.3. Thesis structure 
Chapter 2 discusses on the fundamental physical aspects of c-Si based solar 
cells. Emphasis is made on the concept of charge carrier generation and recom-
bination, with the illustration on detailed recombination theories, paths and its 
influences on solar cell’s performance. The discussion is followed by an intro-
duction to the HET concept, which focuses on the structure of the solar cell, the 
key to high efficiency, and the properties of surface passivation materials in the 
context of band theory. 
Chapter 3 covers the standard fabrication and characterisation techniques, with 
a presentation of the two types of PECVD reactors used in this work. As the 
scope of this thesis is on material properties instead of plasma physics, attention 
is devoted to the analysis techniques used to characterise the electronic (i.e., 
surface passivation), optical and morphological properties of the deposited films. 
These techniques are summarised in Table 1.1. 
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Table 1.1: Summary of standard characterisation techniques used in this work. 
Specific techniques that are not included in this table will be discussed in rele-
vant chapters. 











Determination of film 
thickness, bandgap (Eg) 
and crystallinity 
Single-sided films on pol-
ished c-Si wafers 
Raman spectroscopy 
Determination of mor-
phological composition in 
the material and Raman 
crystallinity (Xc) 
Single-sided films on 
Corning-7059 glass slides 
Fourier transform infrared 
spectroscopy (FTIR) 
Determination of bonding 
configuration and hydro-
gen content (CH) in the 
material 




Chapter 4 presents a study on the fabrication and the properties of a-Si:H(i) 
passivation layers using a conventional CCP reactor. Through the analysis of 
different plasma parameters, such as chamber pressure, hydrogen dilution ratio 
and temperature, it is shown that the properties of a-Si:H(i) films made in this 
reactor agree with most of the literature reports. By carefully tuning various 
plasma parameters, good surface passivation quality is achieved and used as a 
reference for further studies and comparisons with other films. 
Chapter 5 reports on the very small process pressure window for CCP-
deposited a-Si:H(i) layers. With the support from optical emission spectroscopy 
(OES), the small process window is found to be the result of a transition micro-
crystalline state that separates two microcrystalline regimes characterised by 
hydrogen diffusion and etching models, respectively. The delicate balance be-
tween the deposition precursors and the energetic ions implies extreme diffi-
culty in material optimisation on an industrial scale. 
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Chapter 6 contains a demonstration of state-of-the-art surface passivation prop-
erties of a-SiOx:H(i) thin films. Deposited using a novel industrial ICP reactor 
by decomposing hydrogen (H2), silane (SiH4) and carbon dioxide (CO2), this 
material shows superior surface passivation and optical properties compared to 
other high-quality passivation schemes. A detailed characterisation is carried 
out to find the changes in material properties due to the changes in CO2 flow 
rate and process temperature during deposition. Computer simulations also con-
firm the low-damage nature of the ICP process compared to the CCP technique. 
It is therefore shown that ICP-deposited a-SiOx:H(i) thin films have the capa-
bility to excel as an alternative surface passivation material in HET solar cells. 
Chapter 7 illustrates the wide process temperature window for ICP-deposited 
a-SiOx:H(i) films. The observation is the result of a suppressed epitaxial growth 
due to the inclusion of oxygen atoms during deposition. Comparison between 
a-Si:H(i) and a-SiOx:H(i) over a wide process temperature range is carried out 
to illustrate the effect of the process window. With the support from SE, Raman, 
FTIR and high-resolution transmission electron microscope (HRTEM) images, 
the ability to suppress epitaxial growth at high process temperatures is clearly 
observed for a-SiOx:H(i), which gives it a clear advantage over a-Si:H(i) in 
terms of process robustness during mass production. 
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Being a device that directly converts sunlight (photons) into electricity 
(electrons), charge generation and recombination in response to the incident 
photon flux determines the solar cell’s fundamental performance. For high-ef-
ficiency cell structures such as HET, the reduction of the recombination rate is 
of utmost importance. However, in order to understand the key design concept, 
basic knowledge of semiconductors is required. Therefore, this chapter is de-
voted to illustrating the most essential concepts with regard to solar cells. For a 
more detailed discussion on semiconductor physics, the reader is referred to 
other publications [1, 68-73]. 
2.1. Charge generation, transport and recombination 
2.1.1. Generation 
The process in which free electrons and holes are generated in a semicon-
ductor due to illumination is called photogeneration. When a photon with 
enough energy Eph is absorbed by an electron in the valence band, the electron 
gains energy and is excited to the conduction band, leaving an empty state (hole) 
behind, thus creating an electron-hole pair. The absorbed photon can also excite 
an electron from the valence band to a localised state (such as a defect state), 
thus creating only one hole. Similarly, an electron can be excited from a local-
ised state to the conduction band, creating only one electron in this case. The 
photogeneration process is the most fundamental and important process in solar 
cell operation. Other charge generation processes include trap-assisted genera-
tion and Auger generation. 
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The fate of an incident photon in a solar cell depends on its energy. Basically, 
using Eg of the absorber as a reference, two different outcomes can happen: 
1. Eph < Eg 
Band-to-band generation of an electron-hole pair is not possible. Sunlight in 
this energy range is usually not utilised in the photogeneration process. 
However, other absorption mechanisms, such as free carrier absorption (in 
which a photon is absorbed to increase the kinetic energy of free charge 
carriers), or the excitation of an electron to and from a localised state, can 
still occur. 
2. Eph ≥ Eg 
The incident photon can be absorbed by the bulk material via electron-hole 
pair (free charge carriers) generation in the solar cell following the mecha-
nisms discussed earlier. 
For any material, the relationship between light intensity (I) and the depth 
from the surface of the material (x) can be expressed by:  
 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= −𝛼𝛼𝑑𝑑 (2.1) 
where α is the absorption coefficient over a thin slice of material of thickness 
dx. From Equation 2.1, the light intensity at an arbitrary depth below the surface 
of the material is given by: 
 𝑑𝑑(𝑑𝑑) = 𝑑𝑑0𝑒𝑒− ∫ 𝛼𝛼�𝐸𝐸𝑝𝑝ℎ,𝑥𝑥′�𝑑𝑑𝑥𝑥′𝑥𝑥0  (2.2) 
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where I0 is the light intensity at the material surface. If further assuming all 
absorbed photons contribute to electron-hole pair generation, the generation rate 
per unit area is given by: 
 𝑔𝑔�𝐸𝐸𝑝𝑝ℎ, 𝑑𝑑� = 𝑃𝑃(𝐸𝐸𝑝𝑝ℎ,𝑑𝑑)𝛼𝛼(𝐸𝐸𝑝𝑝ℎ,𝑑𝑑) (2.3) 
where P is the photon flux density at position x. Therefore, the overall genera-
tion rate of free electrons (or holes) at depth x in the material is: 
 𝐺𝐺(𝑑𝑑) = � (1− 𝑅𝑅�𝐸𝐸𝑝𝑝ℎ�)𝑃𝑃𝑠𝑠(𝐸𝐸𝑝𝑝ℎ)𝛼𝛼(𝐸𝐸𝑝𝑝ℎ)𝐸𝐸𝑚𝑚𝑚𝑚𝑥𝑥
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝑒𝑒− ∫ 𝛼𝛼�𝐸𝐸𝑝𝑝ℎ,𝑥𝑥′�𝑑𝑑𝑥𝑥′𝑥𝑥0 𝑑𝑑𝐸𝐸𝑝𝑝ℎ (2.4) 
where R represents the fraction of reflected light at the surface. It should be 
noted that for a perfect c-Si absorber, in which only band-to-band generation is 
possible, any photon with energy less than Eg does not contribute to electron-
hole pair generation, i.e.: 
 𝐺𝐺(𝑑𝑑) = 𝛼𝛼�𝐸𝐸𝑝𝑝ℎ� = 0           𝑓𝑓𝑓𝑓𝑓𝑓  𝐸𝐸𝑝𝑝ℎ < 𝐸𝐸𝑔𝑔 (2.5) 
An illustration of the absorption process is shown in Figure 2.1. It should 
also be noted that similar to the photoelectric effect, Equation 2.4 implies that 
the generation rate does not depend on the energy of the incident light, but rather 
on the flux (intensity) of photons with energy higher than Eg. This is because 
any excess energy will promote electrons to a higher energy state above the 
conduction band edge. However, the extra energy is quickly lost in the form of 
phonons through constant collisions with the c-Si lattice (thermalisation).  
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Figure 2.1: Attenuation of the light intensity in a piece of material. The photons 
are reflected at the front surface of the material and absorbed in the bulk, result-
ing in an exponential decay of the intensity. The photon flux behaves in a similar 
manner. 
2.1.2. Transport 
Since a solar cell is a device that provides electrical power, the generated 
charge carriers must be transported through the cell into the external circuit. In 
a doped Si wafer, charge carriers with the same type as the dopant atoms are 
termed majority carriers. The other type is called minority carriers. Under ther-
mal equilibrium, in an n-type wafer, the densities of electrons (majority carriers) 
and holes (minority carriers) are related by: 
 𝑛𝑛0𝑝𝑝0 = 𝑛𝑛𝑖𝑖2 (2.6) 
where n0 and p0 are electron and hole density at thermal equilibrium, respec-
tively, and ni is the intrinsic carrier density of c-Si. Under illumination, where 
the photogenerated charge carriers outnumber the minority carriers at thermal 
equilibrium, the bulk minority carrier density can be approximated by the gen-
erated carriers if recombination is insignificant. However, the majority carrier 
density is still dominated by the doping concentration in thermal equilibrium 






- ∫ α(Eph, x’) dx’
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The transport of charge carriers is governed by two conditions: the conser-
vation of charge and the distribution of the electrostatic potential due to charges. 












∇ ∙ 𝐽𝐽𝑝𝑝 + 𝐺𝐺𝑝𝑝 − 𝑈𝑈𝑝𝑝 (2.8) 
where Jn/p represents the respective current density vector, Gn/p is the generation 
rate and Un/p is the recombination rate of the respective charge carriers. 
The distribution of the electrostatic potential in Si is governed by Poisson’s 
Equation: 
 ∇2𝜑𝜑 = 𝑞𝑞
𝜀𝜀𝑆𝑆𝑖𝑖
(−𝜌𝜌𝑓𝑓𝑖𝑖𝑥𝑥 + 𝑛𝑛 − 𝑝𝑝) (2.9) 
where φ is the electrostatic potential, εSi is the permittivity of Si and ρfix is the 
fixed charge density given by: 
 𝜌𝜌𝑓𝑓𝑖𝑖𝑥𝑥 = 𝑁𝑁𝐷𝐷 − 𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑡𝑡 (2.10) 
where ND and NA represent the donor and acceptor density, respectively, and Ct 
is the trapped charge density associated with defects. The three equations de-
scribed by 2.7, 2.8 and 2.9 can be used to solve for current density, generation 
and recombination rate in any system [68]. 
2.1.3. Recombination 
Opposite to generation, in which charge carriers are created, recombination 
is a process of charge carrier annihilation. Essentially, it refers to the elimination 
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of free electrons and holes by releasing the corresponding energy. Unlike gen-
eration, where one mechanism usually dominates, recombination has several 
different mechanisms that are relevant to solar cell operation. Charge carriers 
lost by recombination can no longer contribute to electricity generation. 
Recombination in solar cells can be classified as intrinsic (unavoidable), 
which is due to the physical nature of the material and device, and extrinsic 
(avoidable), which is due to imperfections in material preparation or fabrication 
processes [68, 74]. Intrinsic recombination mechanisms involve radiative re-
combination, in which an electron from the conduction band spontaneously re-
combines with a hole in the valence band, releasing a photon with energy equal 
to the bandgap. Another important intrinsic recombination path is through Au-
ger recombination, in which the collision between two carriers of the same type 
results in the increase of kinetic energy of one carrier and the recombination of 
the other carrier with another carrier of the opposite type. The gained kinetic 
energy is eventually lost through thermalisation. Auger recombination is espe-
cially important under high carrier density conditions and in indirect-bandgap 
materials (such as c-Si). 
Extrinsic recombination usually involves the decay of charge carrier energy 
through a localised state. These states are created due to imperfections (or de-
fects) in the material. In c-Si solar cells, a major efficiency limitation is from 
the recombination through localised defect states resulting from dangling bonds 
at the Si surface, as described in Section 1.2. The broken Si covalent bonds 
create defects with energy inside the bandgap. These defects can capture elec-
trons and holes and thus trigger recombination losses. Therefore, one of the key 
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methods to increasing solar cell efficiency is to reduce the extrinsic recombina-
tion rate through the removal of such defects. 
The recombination mechanisms mentioned above will be further elaborated 
in the following sections. In order to quantify the effect of recombination on 
solar cell performance, a concept termed effective minority carrier lifetime, τeff, 
is used. This parameter essentially describes the probability of charge collection 
through the determination of the mean time that a generated minority carrier can 
stay in the excited state before recombination. τeff is given by: 
 𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓 = Δ𝑛𝑛𝑈𝑈  (2.11) 
where Δn is the spatially averaged excess minority carrier density (injection 
level) in c-Si wafer. From Equation 2.11, it can be observed that τeff is propor-
tional to the excess minority carrier concentration (or the “injection level”) in 
the wafer and inversely proportional to the recombination rate (which includes 
bulk and surface recombination). Thus, at a given injection level, a lower re-
combination rate results in a higher τeff, which is a sign of good material quality. 
In this work, carrier lifetime, effective lifetime and lifetime all refer to τeff unless 
otherwise stated. For a more detailed discussion on recombination mechanisms 
in semiconductors, the reader is referred to books by, for example, Lands-
berg [75], Shur [76], Sze et al. [77] or Tyagi [78]. 
2.1.3.1. Radiative recombination 
Radiative recombination refers to the band-to-band recombination with the 
release of a photon. This is a spontaneous process in which an electron falls 
from the conduction band edge to the valence band where it recombines with a 
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hole. The released photon carries energy equal to the semiconductor bandgap. 
A descriptive illustration is shown in Figure 2.2. The radiative recombination 
rate can be written as [79]: 
 𝑈𝑈𝑟𝑟𝑟𝑟𝑑𝑑 = 𝐵𝐵𝑟𝑟𝑟𝑟𝑑𝑑(𝑛𝑛𝑝𝑝 − 𝑛𝑛𝑖𝑖2) = 𝐵𝐵𝑟𝑟𝑟𝑟𝑑𝑑Δ𝑛𝑛(𝑛𝑛0 + 𝑝𝑝0 + Δ𝑛𝑛) (2.12) 
where Brad is a material constant defined by [79]: 
 𝐵𝐵𝑟𝑟𝑟𝑟𝑑𝑑 = 1𝑛𝑛𝑖𝑖2 2𝜋𝜋ℎ3𝑐𝑐2 � 𝑛𝑛02∞0 𝛼𝛼(𝐸𝐸𝑝𝑝ℎ)𝑒𝑒−𝐸𝐸𝑝𝑝ℎ𝑘𝑘𝐵𝐵𝑇𝑇 𝐸𝐸𝑝𝑝ℎ2 𝑑𝑑𝐸𝐸𝑝𝑝ℎ (2.13) 
where h is the Planck constant, c is the speed of light in vacuum, kB is the Boltz-
mann constant and T is the temperature. From Equation 2.13, it can be seen that 
Brad is independent on the injection level. In fact, this constant is very small in 
the case of an indirect-bandgap material due to the small absorption coefficient, 
such as Si. At room temperature, Brad for Si is only approximately 10-14 cm-3s-1. 
Using Equation 2.11 and 2.12, the radiative lifetime can be obtained as: 
 𝜏𝜏𝑟𝑟𝑟𝑟𝑑𝑑 = 1𝐵𝐵𝑟𝑟𝑟𝑟𝑑𝑑(𝑛𝑛0 + 𝑝𝑝0 + Δ𝑛𝑛) (2.14) 
Therefore, the radiative lifetime depends on the doping level of the material as 
well as the injection level. However, due to the extremely small Brad, the radia-
tive lifetime is much larger compared to the lifetimes resulted from other re-
combination mechanisms, such as Auger recombination and extrinsic recombi-
nation. In terms of injection level, τrad can be further simplified to: 
 𝜏𝜏𝑟𝑟𝑟𝑟𝑑𝑑,𝑙𝑙𝑖𝑖 = 1𝐵𝐵𝑟𝑟𝑟𝑟𝑑𝑑𝑁𝑁𝑑𝑑𝑑𝑑𝑝𝑝𝑟𝑟𝑛𝑛𝑡𝑡 (2.15) 
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𝜏𝜏𝑟𝑟𝑟𝑟𝑑𝑑,ℎ𝑖𝑖 = 1𝐵𝐵𝑟𝑟𝑟𝑟𝑑𝑑Δ𝑛𝑛 (2.16) 
where li and hi refer to low and high injection level, respectively, and Ndopant is 
the effective doping concentration of the material. 
 
Figure 2.2: Illustration of the radiative recombination. The energy of the photon 
released in this case equals the semiconductor bandgap. 
2.1.3.2. Auger recombination 
Unlike radiative recombination, Auger recombination involves three charge 
carriers: two of the same type and one of the opposite type. The collision be-
tween particles of the same type gives additional kinetic energy to one particle 
and results in the recombination of the other particle with the third particle of 
opposite polarity. The additional kinetic energy is eventually lost through ther-
malisation. An illustration of the Auger recombination process is shown in Fig-
ure 2.3. 
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Figure 2.3: Illustration of the Auger recombination processes involving (a) two 
electrons and one hole (eeh) and (b) two holes and one electron (ehh). The 
gained kinetic energy (K.E.) of either electron or hole is dissipated in the form 
of phonons through thermalisation. 
Depending on the types of carriers involved, the Auger recombination has 
two cases. Therefore, the overall recombination rate is the sum of both cases [80, 
81]: 
 𝑈𝑈𝐴𝐴𝐴𝐴𝑔𝑔 = 𝐶𝐶𝑛𝑛(𝑛𝑛2𝑝𝑝 − 𝑛𝑛02𝑝𝑝0) + 𝐶𝐶𝑝𝑝(𝑛𝑛𝑝𝑝2 − 𝑛𝑛0𝑝𝑝02) (2.17) 
where Cn and Cp are the Auger coefficients for two electrons and one hole (eeh) 
case and two holes and one electron (ehh) case, respectively. From Equa-
tion 2.17, it can be deduced that the Auger recombination rate only depends on 
the particular doping level of the Si wafer and the injection level. Combining 
with Equation 2.11, the Auger lifetime can be written as: 
 𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔 = 1𝑐𝑐1 + 𝑐𝑐2Δ𝑛𝑛 + 𝑐𝑐3Δ𝑛𝑛2 (2.18) 
where: 
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 𝑐𝑐1 = 𝐶𝐶𝑛𝑛𝑛𝑛02 + 𝐶𝐶𝑝𝑝𝑝𝑝02   
 𝑐𝑐2 = 𝐶𝐶𝑛𝑛𝑛𝑛0 + 𝐶𝐶𝑝𝑝𝑝𝑝0 + (𝐶𝐶𝑛𝑛 + 𝐶𝐶𝑝𝑝)(𝑛𝑛0 + 𝑝𝑝0)  
 𝑐𝑐3 = 𝐶𝐶𝑛𝑛 + 𝐶𝐶𝑝𝑝  
As the Auger recombination is strongly injection level dependent (see Equa-
tion 2.18), the lifetime expression can be further simplified as follows: 
 𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔,𝑛𝑛,𝑙𝑙𝑖𝑖 = 1𝐶𝐶𝑛𝑛𝑁𝑁𝐷𝐷2 (2.19) 
 
𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔,𝑝𝑝,𝑙𝑙𝑖𝑖 = 1𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 (2.20) 
 
𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔,ℎ𝑖𝑖 = 1(𝐶𝐶𝑛𝑛 + 𝐶𝐶𝑝𝑝)Δ𝑛𝑛2 (2.21) 
The accurate calculation of the Auger lifetime in a material depends on the 
determination of both recombination coefficients. Experimental results suggest 
that the coefficients are approximately constant [81] for a doping level less than 
5×1018 cm-3. However, the constants show significant dependence on the doping 
level above this dosage. This is largely due to the Coulomb-enhanced interac-
tion between the charge carriers [74]. Combining theory and experimental data, 
a parameterisation of the Auger recombination in consideration of Coulomb-
enhanced interaction was done by Kerr and Cuevas [80] in the following form: 
 𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔 = Δ𝑛𝑛𝑛𝑛𝑝𝑝(1.8 × 10−24𝑛𝑛00.65 + 6 × 10−25𝑝𝑝00.65 + 3 × 10−27∆𝑛𝑛0.8) (2.22) 
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This formulation was further enhanced by Richter et alia [82], motivated by 
the observation of higher intrinsic lifetime of samples with good passivation 
compared to the limit predicted in Equation 2.22: 
 𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔 = Δ𝑛𝑛(𝑛𝑛𝑝𝑝 − 𝑛𝑛𝑖𝑖,𝑒𝑒𝑓𝑓𝑓𝑓2 )(2.5 × 10−31𝑔𝑔𝑒𝑒𝑒𝑒ℎ𝑛𝑛0 + 8.5 × 10−32𝑔𝑔𝑒𝑒ℎℎ𝑝𝑝0 + 3.0 × 10−29∆𝑛𝑛0.92) (2.23) 
where: 
 
𝑔𝑔𝑒𝑒𝑒𝑒ℎ = 1 + 13 �1− 𝜕𝜕𝑡𝑡𝑛𝑛ℎ �� 𝑛𝑛0𝑁𝑁0.𝑒𝑒𝑒𝑒ℎ�0.66�� 
𝑤𝑤𝑤𝑤𝜕𝜕ℎ 𝑁𝑁0,𝑒𝑒𝑒𝑒ℎ = 3.3 × 1017 𝑐𝑐𝑐𝑐−3  
 
𝑔𝑔𝑒𝑒ℎℎ = 1 + 7.5 �1− 𝜕𝜕𝑡𝑡𝑛𝑛ℎ �� 𝑝𝑝0𝑁𝑁0.𝑒𝑒ℎℎ�0.63�� 
𝑤𝑤𝑤𝑤𝜕𝜕ℎ 𝑁𝑁0,𝑒𝑒ℎℎ = 7.0 × 1017 𝑐𝑐𝑐𝑐−3  
 
𝑛𝑛𝑖𝑖,𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑛𝑛𝑖𝑖𝑒𝑒 ∆𝐸𝐸𝑔𝑔2𝑘𝑘𝐵𝐵𝑇𝑇  
ΔEg is a measure of bandgap narrowing due to doping. The effect of the doping 
concentration and the injection level on the Auger lifetime is further illustrated 
in Figure 2.4. It can be observed that at an injection level where the minority 
carrier density becomes larger than the dopant density, the Auger recombination 
becomes significant. Therefore, the Auger recombination is considered a major 
recombination mechanism in the emitter (which is usually heavily doped) or in 
high-efficiency solar cells (which usually operate in intermediate or high injec-
tion level conditions). 
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Figure 2.4: Simulated τAug as a function of the injection level and the doping 
level. n-type c-Si is assumed in the plot. τAug reduction is seen at either high 
doping level or high injection level. At an injection level where the minority 
carrier density starts to outnumber the doping concentration, the Auger recom-
bination becomes significant. 
2.1.3.3. Recombination through localised defects 
Besides intrinsic recombination, which is unavoidable, charge carriers also 
recombine through localised defects. Defects are crystallographic imperfections 
that result from the fabrication process. Unlike radiative or Auger recombina-
tion, defect assisted recombination can be minimised through the reduction of 
the defect density and the density of either free electrons or holes. 
The first proposed and widely accepted recombination mechanism by 
Shockley and Read [83] and Hall [84] consists of a two-step process. The 
so-called Shockley-Read-Hall (SRH) model describes the process where a con-
duction band electron is captured by a defect state with energy Et, and subse-
quently recombines with a hole in the valence band. In this process, four possi-
ble events can happen as shown in Figure 2.5: (a) an empty defect captures an 
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electron (capture); (b) a filled defect emits (through thermal emission) an elec-
tron (reemission); (c) a filled defect captures a hole (recombination); (d) an 
empty defect emits a hole. As seen in Figure 2.5, the SRH model only considers 
a single energy level defect at Et with only two possible charge conditions, i.e., 
the defect is either empty (neutral state) or occupied by one electron (negative 
state). It should also be noted that only in case (c) should the defect be consid-
ered as a recombination centre. The other cases are termed “traps”. 
 
Figure 2.5: Illustration of SRH model with the following events: (a) an empty 
defect captures an electron; (b) a filled defect emits an electron; (c) a filled de-
fect captures a hole; (d) an empty defect emits a hole. Note that only (c) denotes 
a recombination event. 
The likelihood that a particular charge carrier can be captured by a defect is 
defined by the characteristic capture cross section for electrons (σn) and holes 
(σp). Without going into the detailed derivation, the SRH recombination rate 
is [83, 84]: 
 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑛𝑛𝑝𝑝 − 𝑛𝑛𝑖𝑖2𝜏𝜏𝑛𝑛0(𝑝𝑝 + 𝑝𝑝1) + 𝜏𝜏𝑝𝑝0(𝑛𝑛 + 𝑛𝑛1) (2.24) 
where τn0 and τp0 are intrinsic lifetimes for electrons and holes defined by: 
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 𝜏𝜏𝑛𝑛0 = 1𝜎𝜎𝑛𝑛𝑣𝑣𝑡𝑡ℎ𝑁𝑁𝑡𝑡     𝑡𝑡𝑛𝑛𝑑𝑑     𝜏𝜏𝑝𝑝0 = 1𝜎𝜎𝑝𝑝𝑣𝑣𝑡𝑡ℎ𝑁𝑁𝑡𝑡 (2.25) 
where Nt denotes the bulk defect density and vth represents the thermal velocity 
of free charge carriers. At room temperature, vth is roughly the same for both 
types of carriers. 
In Equation 2.24, n1 and p1 are the carrier density when the corresponding 
quasi-Fermi levels (Efn and Efp) coincide with the defect level Et: 
 𝑛𝑛1 = 𝑁𝑁𝑐𝑐𝑒𝑒(𝐸𝐸𝑡𝑡−𝐸𝐸𝑐𝑐) 𝑘𝑘𝐵𝐵𝑇𝑇�     𝑡𝑡𝑛𝑛𝑑𝑑     𝑝𝑝1 = 𝑁𝑁𝑣𝑣𝑒𝑒(𝐸𝐸𝑣𝑣−𝐸𝐸𝑡𝑡) 𝑘𝑘𝐵𝐵𝑇𝑇�   (2.26) 
where Nc and Nv represent the effective density of states (DOS) in the conduc-
tion and valence band, respectively. Assuming flatband condition, the SRH life-
time is then given by: 
 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜏𝜏𝑝𝑝0(𝑛𝑛0 + 𝑛𝑛1 + Δ𝑛𝑛) + 𝜏𝜏𝑛𝑛0(𝑝𝑝0 + 𝑝𝑝1 + Δ𝑛𝑛)𝑛𝑛0 + 𝑝𝑝0 + Δ𝑛𝑛  (2.27) 
For a doped wafer (e.g., n-type) under low injection condition, Equation 
2.27 can be simplified as: 
 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛,𝑙𝑙𝑖𝑖 = 𝜏𝜏𝑝𝑝0 �1 + 𝑛𝑛1𝑛𝑛0�+ 𝜏𝜏𝑛𝑛0 �𝑝𝑝1𝑛𝑛0�     𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝0,Δ𝑛𝑛 ≪ 𝑛𝑛1,𝑝𝑝1,𝑛𝑛0 (2.28) 
For the most effective deep level defects (i.e., Et is near the middle of the 
bandgap), n1 and p1 diminish according to Equation 2.26 and Equation 2.28 can 
be further simplified as: 
 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛,𝑙𝑙𝑖𝑖 = 𝜏𝜏𝑝𝑝0    𝑓𝑓𝑓𝑓𝑓𝑓  𝑝𝑝0,Δ𝑛𝑛,𝑛𝑛1,𝑝𝑝1 ≪ 𝑛𝑛0 (2.29) 
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Therefore, under this condition, the SRH lifetime is dominated by the minority 
carrier lifetime. Interestingly, by assuming ni2 ≪ np under illumination condi-
tions, Equation 2.24 can be rewritten as: 
 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛,𝑙𝑙𝑖𝑖 = � 1𝜎𝜎𝑛𝑛𝑛𝑛 + 1𝜎𝜎𝑝𝑝𝑝𝑝�−1 𝑣𝑣𝑡𝑡ℎ𝑁𝑁𝑡𝑡 = 𝜎𝜎𝑝𝑝𝑝𝑝𝑣𝑣𝑡𝑡ℎ𝑁𝑁𝑡𝑡    𝑓𝑓𝑓𝑓𝑓𝑓  𝜎𝜎𝑝𝑝𝜎𝜎𝑛𝑛 ≪ 𝑛𝑛𝑝𝑝 (2.30) 
Equation 2.30 demonstrates that, at low injection, the SRH recombination 
rate is controlled by the density and property of the minority carrier.  
At high injection, the SRH lifetime can be written as: 
 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛,ℎ𝑖𝑖 = 𝜏𝜏𝑛𝑛0 + 𝜏𝜏𝑝𝑝0    𝑓𝑓𝑓𝑓𝑓𝑓  𝑛𝑛0,𝑝𝑝0,𝑛𝑛1,𝑝𝑝1 ≪ Δ𝑛𝑛 (2.31) 
2.1.3.4. Surface recombination 
In real samples, in addition to bulk defects, defects at the surfaces often play 
an important role. As mentioned in Section 1.2, the termination of long-range 
crystallographic order creates defects called dangling bonds. A set of surface 
DBs usually has a continuous energy distribution within the bandgap. As a large 
number of widely distributed defects fastens the capture/recombination process, 
an untreated Si surface is virtually depleted of excess minority carriers. There-
fore, the surface recombination rate is limited by how fast the minority carriers 
can reach the defective surface (see Equation 2.30). 
As the surface defects have a continuous energy distribution, the single-
level SRH formulation can no longer be used to calculate the recombination rate. 
Instead, an integration over the entire semiconductor bandgap must be used. 
Since both the defect density and the capture cross sections now depend on their 
energy levels, the surface recombination rate becomes: 
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 𝑈𝑈𝑠𝑠 = (𝑛𝑛𝑠𝑠𝑝𝑝𝑠𝑠 − 𝑛𝑛𝑖𝑖2)� 𝑣𝑣𝑡𝑡ℎ𝐷𝐷𝑖𝑖𝑡𝑡(𝐸𝐸)𝑑𝑑𝐸𝐸1




where ns and ps are surface carrier densities and Dit is the surface defect density 
per unite energy level. Note that the surface recombination rate has a unit of  
cm-2s-1. The surface recombination velocity (SRV) S under flatband conditions, 
assuming equal excess carrier densities of electrons and holes at the surface, is 
given by [85]: 
 𝑆𝑆(Δ𝑛𝑛𝑠𝑠) = (𝑛𝑛0 + 𝑝𝑝0 + Δ𝑛𝑛𝑠𝑠)� 𝑣𝑣𝑡𝑡ℎ𝐷𝐷𝑖𝑖𝑡𝑡(𝐸𝐸)𝑑𝑑𝐸𝐸1




 𝑤𝑤𝑤𝑤𝜕𝜕ℎ 𝑈𝑈𝑠𝑠 = 𝑆𝑆Δ𝑛𝑛𝑠𝑠   
The magnitude of S depends on various parameters. For a more detailed 
analysis, the reader is referred to the book by Aberle [85]. 
In the case of non-flatband conditions, due to the complication in calculating 
the surface charge carrier densities, it is useful to define an effective surface 
recombination velocity (Seff) at a virtual boundary positioned at the edge of the 
space charge region within the wafer [85]. This approximation will be further 
elaborated in Section 2.2.1.2. Deriving from what Luke and Cheng [86] have 
obtained from transient measurements, the general form of Seff for a symmetri-
cally passivated sample under low injection conditions can be expressed as [85]: 
 𝑆𝑆𝑒𝑒𝑓𝑓𝑓𝑓 = �𝐷𝐷 � 1𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓 − 1𝜏𝜏𝑏𝑏𝐴𝐴𝑙𝑙𝑘𝑘� 𝜕𝜕𝑡𝑡𝑛𝑛 �𝑊𝑊2 �1𝐷𝐷 � 1𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓 − 1𝜏𝜏𝑏𝑏𝐴𝐴𝑙𝑙𝑘𝑘�� (2.34) 
where D is the diffusivity, τbulk is the bulk lifetime of the wafer and W is the 
wafer thickness. For very large Seff, it can be approximately written as [85]: 
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If the surface recombination velocity is sufficiently small (i.e., good surface 
passivation), the tangent term in Equation 2.34 becomes linear and the equation 









As a simplified form, Equation 2.36 will be widely applied in this work for 
the calculation of Seff.  
2.1.3.5. Reduction of recombination 
As discussed above, recombination refers to the annihilation of free charge 
carriers. In solar cells, extensive recombination hampers the overall perfor-
mance. Using two of the most important performance parameters, short-circuit 
current density (Jsc) and Voc, as examples, the effect of recombination can be 
visualised as follows: 
Jsc: The total current output depends on the total amount of free charge carriers 
in the device under illumination. Under extensive recombination, charge carri-
ers are eliminated before being passed into the external circuit. Therefore, in a 
simple term, recombination reduces the short-circuit current density. 
Voc: The available voltage from a solar cell depends on the achievable quasi-
Fermi level splitting (implied Voc) at open-circuit conditions. In an n-type wafer, 
the implied Voc (Voc,imp) in turn relies on the density of excess carriers generated 
under illumination by [87]: 
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 𝑉𝑉𝑑𝑑𝑐𝑐,𝑖𝑖𝑖𝑖𝑝𝑝 = 𝑘𝑘𝐵𝐵𝑇𝑇𝑞𝑞 𝑙𝑙𝑛𝑛 �(𝑁𝑁𝐷𝐷 + ∆𝑛𝑛)∆𝑛𝑛𝑛𝑛𝑖𝑖2 � (2.37) 
Therefore, recombination limits the density of excess carriers (Δn) in the cell. 
This in turn limits the available voltage from the cell. 
Among the three major recombination processes discussed above, radiative 
recombination does not lead to significant carrier loss in c-Si based solar cells, 
due to the very low radiative coefficient of indirect-bandgap material. Auger 
recombination only has adverse effect for highly doped regions and under high 
injection conditions (see Figure 2.4). At the same time, due to the intrinsic na-
ture, little can be done to reduce the recombination losses from these mecha-
nisms. On the other hand, SRH recombination (especially via surface defects) 
contributes most to the recombination losses in a c-Si solar cell. Generally, SRH 
recombination can be reduced in the following ways: 
Defect passivation (or “chemical” passivation): From Equation 2.32, it can 
be observed that the most direct method to reduce surface recombination is to 
shrink the density of surface defects. The process of recombination reduction is 
termed passivation. In the microelectronic industry, surface passivation is 
widely used in gate dielectric layers of transistors. Benefiting from that, tradi-
tional passivation method used in solar cells (such as “passivated emitter rear 
locally diffused” (PERL) cells) features a thin thermal SiO2 layer. The applica-
tion of a SiO2 layer reduces Dit through DB saturation with oxygen or hydrogen 
attachment [88]. Other passivation materials used in solar cells include PECVD 
a-Si, as discussed in Section 1.2. Regardless of the material, the reduction of Dit 
through chemical bond saturation is termed defect passivation (or “chemical 
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passivation”). The development of a new material and deposition technique for 
defect passivation is the primary focus of this work. 
Field effect passivation: Although not obvious, Equation 2.33 implies that the 
highest S is achieved when the carrier density of electrons and holes is approx-
imately equal at the surface, assuming equal capture cross sections for electrons 
and holes [89]. From the SRH recombination mechanism shown in Figure 2.5, 
it can be further deduced that the lack of one type of carrier limits the recombi-
nation process. Therefore, besides reducing Dit, another effective method to sup-
pressing recombination is the removal of electrons or holes from the recombi-
nation centres. In solar cells, this is usually achieved by introducing fixed 
charges in the surface passivation layer covering the c-Si wafer. For example, a 
thermal SiO2 film on c-Si contains positive fixed insulator charges. This will 
repel holes from the c-Si surface, and attract electrons. As a result, the recom-
bination rate is limited by the density of holes (see Equation 2.30). Other pas-
sivation materials that can be applied for such a purpose include a-SiNx:H and 
amorphous aluminium suboxide [90]. The reduction in the density of one charge 
carrier type in order to suppress recombination is termed “field effect pas-
sivation” [91]. Theoretically, for example, either positive or negative fixed 
charge is effective in passivating n-type wafers. However, excessive negative 
fixed charge density in the passivation layer may lead to the formation of an 
inversion layer and cause shunting problem [85]. 
The overall effect of the discussed recombination and surface passivation 
effect is illustrated in Figure 2.6. It can be observed that for an injection level 
below 5×1015 cm-3 in this case, SRH recombination dominates the effective life-
time. τeff is improved significantly with chemical passivation, while field effect 
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passivation alters the shape of lifetime curves at low injection condition. At high 
injection levels, lifetime curves converge, indicating that Auger recombination 
is the dominant mechanism in this regime. In this thesis, the terms “passivation” 
and “surface passivation” are used interchangeably. 
 
Figure 2.6: Simulated τeff as a function of injection level of symmetrically pas-
sivated n-type c-Si wafer with resistivity of 1 Ωcm (phosphorus doping level 
5×1015 cm-3) by amorphous silicon subjecting to different Dit and fixed insulator 
charges. The absolute value of lifetime at low injection level is governed by 
SRH recombination, while the shape is determined by the field effect pas-
sivation. An improvement of lifetime is observed in both chemical and field 
effect passivation. The lifetime at high injection level is dominated by the Auger 
recombination. The intrinsic limit of the wafer (assuming perfect bulk condition) 
is calculated using Equation 2.14 and 2.22. 
2.2. Heterojunction Si wafer solar cells 
This thesis focuses on the development of HET solar cells. As one of the 
high-efficiency solar cells, surface passivation is the key in device structure and 
its optimisation is of utmost importance, as discussed in Section 1.2. The fol-
lowing sections are devoted to the introduction of the basic physical properties 
of a-Si alloys and the requirements for their applications in HET cells. 
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2.2.1. Hydrogenated amorphous Si alloys 
2.2.1.1. Structure and defect states 
Amorphous Si alloys are widely used in HET solar cells to form the pas-
sivation layers on both surfaces (emitter and BSF). As an example, a-Si:H(i) 
will be used in this section to discuss the physical properties of such alloys, due 
to the fact that this material is relatively well-studied [92-94]. More discussions 
on a-SiOx:H(i) can be found in Chapter 6. 
Although a-Si:H(i) lacks the long range order compared to c-Si, their bond-
ing configurations, such as the distribution of bonding and anti-bonding states 
and bandgap, are similar according to tight binding calculations [95]. However, 
a high density of broken covalent Si bonds contributes to deep level defects 
(dangling bonds) inside the bandgap that serve as recombination centres in a-Si. 
The DBs arise as a result of missing neighbouring atoms in an amorphous net-
work with an average bonding angle deviation of 10˚ [92]. Usually, these de-
fects are saturated with hydrogen (H) atoms introduced during the film deposi-
tion process. Experimental results show that an H concentration of 1018 - 1019 
cm-3 is sufficient to passivate the DBs, which corresponds to less than 0.1 at.% 
in amorphous Si. Yet, the commonly reported H content in a Si:H(i) is in the 
range from 10 to 15 at.% [92, 96]. The excess H exists on the inner surface of 
micro-voids as H2 molecules or as higher order hydrides (e.g., SiH2 and 
SiH3) [97]. 
Unlike c-Si, a-Si:H(i) does not have a clearly defined density of state distri-
bution. Energy states extend from the mobility edges into the bandgap to form 
the so-called Urbach tails. The presence of Urbach states is a result of misplaced 
36 
Chapter 2 Basic Physics of Heterojunction Solar Cells 
Si atoms in the network [98-102]. The tailing states can be characterised by a 
measure of the Urbach tail state slope (E0). In a-Si:H(i), E0 is dominated by the 
states arisen from valence band (E0v) due to the low activation energy to break 
Si-Si bonds. For a-Si:H(i) with good quality, E0v should be in the range of  
40 - 50 meV. Closer to the middle of the bandgap, a broad distribution of local-
ised DBs appears which can be characterised by amphoteric DB statistics. A 
simple illustration of the energy states in a-Si:H(i) is shown in Figure 2.7. 
 
Figure 2.7: Illustration of defect states in a-Si:H(i). The states that extend from 
the conduction and valence band edge into the bandgap are Urbach tail states 
with characteristic energy E0c and E0v, respectively. Urbach energy in a-Si:H(i) 
is dominated by valence band state as E0v ≫ E0c. The density of these states 
determines the sub-bandgap transition of charge carriers. The group of defect 
states characterised by the double-Gaussian distribution is called amphoteric 
dangling bonds. These deep level defects contribute most to the recombination 
in the material. Emc/mv refers to the corresponding mobility edges. The locomo-
tive states with energy higher than the band edges are responsible for charge 
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2.2.1.2. Characteristics of amphoteric dangling bonds 
Experimental data suggest a positive correlation between E0 and the density 
of the DB states [99]. Based on the fact that the strain in Si-Si bonds increases 
away from the valence band edge, Stutzmann [99] postulated that there exists a 
conversion from the tailing states into DB states. With the determination of the 
so-called demarcation level, which defines the energy level at which strained 
Si-Si bonds break, the density of DB states could be estimated by the integration 
on the density of the tailing states above this level, as shown in Figure 2.8. This 
simple model fitted the experimental results quite well. More advanced models, 
such as the defect-pool model, which defines a “pool” of defects that could be 
potentially realised and then calculates the DB distribution by the equilibration 
of reactions involving the release and capture of hydrogen [104-106], were de-
veloped subsequently to account for the dynamic nature of the DB states for-
mation. More detailed discussions on the dynamics of DB formation can be 
found elsewhere [107-109]. 
 
Figure 2.8: Simple illustration based on Stutzmann’s model where strained Si-Si 
bonds in the hatched area are broken and converted into DBs. ED represents the 
demarcation level for this change. The magnitudes of the density of state and 
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As the DB states have energies deep in the bandgap, they are effective re-
combination centres. Recombination through these defects can be calculated us-
ing SRH formulation for a-Si:H(i) bulk and the interface between a-Si:H(i) and 
c-Si. However, experimental data point out that these states should have am-
photeric nature instead of two charge states described in SRH theory, i.e., they 
can have positive (D+), neutral (D0) or negative (D-) states that correspond to 
zero, one and two electron occupations, with defect energy being shifted by the 
amount of correlation energy (U) in the last case. Therefore, recombination in 
these states should be more accurately modelled by the statistics of correlated 
electrons [110]. Unlike SRH model, in which only one recombination path ex-
ists, recombination through amphoteric DB states has two parallel recombina-
tion paths: (1) a hole is captured by a D0 states, followed by the capture of an 
electron; (2) an electrons is captured by a D0 state, followed by the capture of a 
hole. The energy band illustration and recombination path is shown in Figure 
2.9. It should be noted that due to different wafer and bias conditions, one of the 
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Figure 2.9: Illustration of (a) amphoteric dangling bond distribution; (b) recom-
bination through Route 1 and (c) through Route 2. D0/- and D+/0 represent two 
dangling bond levels separated by a correlation energy U, which is the measure 
of the energy needed to place an additional electron into the state. In a-Si:H(i), 
U is around 0.38 eV [111]. Etn and Etp are the demarcation levels for electrons 
and holes, respectively. Only states lie in between demarcation levels serve as 
recombination centres. States outside are simply traps. r+/0n are the capture rate 
of electrons at positive and neutral states, while r-/0p are the capture rate of holes 
at negative and neutral states, respectively. After [43]. 
The calculation of surface recombination rate lies in solving the surface car-
rier density under different illumination and band bending conditions, followed 
by the evaluation using similar SRH recombination formulism in Equation 2.32, 
except that three charge states for each defect should be considered. Assuming 
flat quasi-Fermi levels for electrons and holes in the space charge region [77], 
the excess carrier density at the interface is determined by the surface band 
bending (Ψs) and the excess carrier density in the bulk through: 
 𝑛𝑛𝑠𝑠 = 𝑛𝑛0𝑒𝑒�𝑞𝑞(Ψ𝑠𝑠−𝜑𝜑𝑚𝑚(Δ𝑛𝑛)) 𝑘𝑘𝐵𝐵𝑇𝑇� � 𝑡𝑡𝑛𝑛𝑑𝑑 𝑝𝑝𝑠𝑠 = 𝑝𝑝0𝑒𝑒�𝑞𝑞(𝜑𝜑𝑚𝑚(Δ𝑛𝑛)−Ψ𝑠𝑠) 𝑘𝑘𝐵𝐵𝑇𝑇� �  (2.38) 
where φn and φp are the quasi-Fermi levels for the carriers. Since these levels 
can be determined by the excess carrier density in the bulk, the only unknown 
in Equation 2.38 is the surface band bending. It can be determined by numeri-





























route 1 route 2
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 𝑄𝑄𝑆𝑆𝑖𝑖(Ψ𝑠𝑠,Δ𝑛𝑛) + 𝑄𝑄𝑖𝑖𝑛𝑛𝑡𝑡 + 𝑄𝑄𝑟𝑟𝑆𝑆𝑖𝑖(Ψ𝑠𝑠,Δ𝑛𝑛) = 0  (2.39) 
where QSi is the charge induced in space charge region in c-Si, Qint is the fixed 
charge and QaSi represents the charge induced in a-Si:H(i) according to ampho-
teric DB statistics. As the solution of Equation 2.39 does not yield a closed form, 
numerical iterations have to be applied. More detailed solving algorithms have 
been developed by Girisch et al. [112] and Aberle et alia [89]. By assuming that 
(a) steady-state condition is met at all energy levels; (b) the illumination inten-
sity is sufficient to drive the respective demarcation levels outside the DB dis-
tribution (i.e., all DBs serve as recombination centres) and (c) the capture cross 
section of the DB states is independent of defect energy, Olibet et al. [43] de-
rived a simple closed-from approximation to the surface recombination rate: 





+ + 1 + 𝑛𝑛𝑠𝑠𝑝𝑝𝑠𝑠 𝜎𝜎𝑛𝑛0𝜎𝜎𝑝𝑝−  (2.40) 
where σ+/0n is the capture cross section of electrons at positive and neutral states 
and σ-/0p is the capture cross section of holes at negative and neutral states, re-
spectively. Since the excess carrier density at the surface is different for elec-
trons and holes, it is more meaningful to introduce an effective surface recom-
bination velocity (Seff) (see works by Aberle et al. [85, 89] and Section 2.1.3.4) 
based on the recombination rate and the excess carrier density in the neutral 
bulk region defined by a virtual boundary d away from the interface: 
 𝑆𝑆𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑈𝑈𝑠𝑠Δ𝑛𝑛(𝑑𝑑 = 𝑑𝑑)  (2.41) 
41 
Chapter 2 Basic Physics of Heterojunction Solar Cells 
The situation at an illuminated semiconductor surface is visualised in Figure 
2.10.  
 
Figure 2.10: Band diagram of a-Si:H(i)/c-Si interface under illumination. Si 
charge is induced in the space charge region due to the surface band bending, 
while surface carrier density depends on the extent of band bending. df defines 
a virtual boundary within which the fixed charge is located. daSi represents the 
thickness of a-Si:H(i) film. Effective surface recombination velocity is defined 
at the virtual neutral boundary d, beyond which flatband condition is assumed. 
After [43, 89]. 
2.2.1.3. Surface passivation 
As mentioned in Section 2.2.1.1, the superior surface passivation quality of 
a-Si:H(i) stems from the saturation of DBs with H atoms inside the film. Results 
from annealing experiments, which lead to a reduced defect density, confirm 
this explanation [113, 114]. De Wolf et al. [47] reported an improvement of τeff 
with a post annealing temperature of 180˚C for a-Si:H(i) thin films deposited at 
130˚C. Subsequent fitting of the lifetime curves revealed that a change in Dit 
was sufficient to account for the increase of lifetime, while Qint could be kept 
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a-Si:H(i) surface passivation is chemically rather than field effect related. The 
same group illustrated further, by comparing τeff with annealing time and tem-
perature, that the reduction of the defect density followed a stretched exponen-
tial in the form of: 
 𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓(𝜕𝜕𝑟𝑟𝑛𝑛𝑛𝑛) = 𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓𝑆𝑆𝑆𝑆 �1− 𝑒𝑒�−�𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 𝜏𝜏� �𝛽𝛽��  (2.42) 
where tann is the annealing time, τSSeff is the saturation value for τeff, τ is the effec-
tive time constant and β is the dispersion parameter. As this so-called stretched 
exponential decay of Dit (or rather exponential increase of lifetime in Equation 
2.42) is usually used to characterise the H atom behaviour in amorphous mate-
rials [115, 116], the successful application of this relationship to the reduction 
of Dit in a-Si:H(i) implies the presence of dispersive diffusion of H atoms inside 
this material during the annealing process [117]. Such dispersive behaviour can 
be modelled by a trap state (high energy), a reservoir state (low energy) and a 
transition state, as suggested by Van de Walle [118]. In a-Si:H(i), trap states for 
H atoms are usually higher order hydride states (SiH2, SiH3) that imply H clus-
ters or even micro-voids inside the amorphous network. Reservoir states repre-
sent mono-hydrides (SiH), which are simply the hydrogen terminated DBs. 
Low-temperature post-deposition anneal provides the necessary energy to over-
come the barrier between the trap and reservoir states, thus freeing H atoms 
from clusters to passivate the DBs. The reduced electron spin-resonance sig-
nal [119] after annealing confirmed the increase in number of mono-hydride 
states and supported the kinetics of a-Si:H(i) surface passivation postulated 
above. For a-Si:H(i), it has been observed that the density of higher order hy-
drides at the interface is much larger compared to the bulk [120]. Profiling of 
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mono and higher order hydride density at the interface before and after anneal-
ing was performed by several groups, using differential attenuated total reflec-
tion (ATR) FTIR measurements at the Brewster angle [121-124]. With mono-
hydride at relatively low wavenumbers [124], the increase in response at these 
wavenumbers and the reduction at higher wavenumbers [122, 123] represented 
a transition of H from the trapped states into the reservoir states through the 
transition states. It is thus confirmed that the excellent surface passivation qual-
ity is due to the large quantity of interfacial H atoms at the trapped states, which 
can subsequently be released into the reservoir states for passivation. Figure 
2.11 gives a simple illustration on the untreated c-Si surface, H termination, 
plasma induced surface damage (see Section 3.3) and a-Si:H(i) passivation. 
 
Figure 2.11: Illustration of (from left to right) surface dangling bonds; perfect 
H termination on (100) c-Si surface; defects and strained bonds induced by en-
ergetic ion bombardment during deposition and surface passivation achieved by 
a-Si:H(i). Circles with letter “I” indicate ions impinging onto the Si surface dur-
ing deposition. The curved lines represent the strained Si-Si bonds due to ion 
bombardment. The grey Si atoms are displaced atoms caused by ion damage. 
The open bonds in a-Si:H(i) represent imperfect bulk and passivation quality of 










































































































































































Chapter 2 Basic Physics of Heterojunction Solar Cells 
2.2.1.4. Conditions for good surface passivation material 
Based on the discussion in the previous sections, a good surface passivation 
film should minimise the interfacial defect density. In the case of a-Si:H(i), the 
combined effect of H bonding composition and film morphology determines the 
passivation effect. In particular, an atomically sharp interface with no epitaxial 
growth ensures good passivation quality [40]. This is due to the defective nature 
of low-temperature epitaxial Si thin film. These defects usually consist of H 
platelets at the interface [125]. At higher film thickness, epitaxial breakdown, 
which transforms the epitaxial film into amorphous, may occur. However, this 
process still produces very high defect density, due to the embedment of a-Si 
cones in the epitaxial Si network [126, 127]. Furthermore, it has been reported 
that the H content in such epitaxial films is 30 - 100 times lower than in amor-
phous films [128]. Thus, epitaxial growth is regarded detrimental for surface 
passivation. Basically, there are three factors that determine the morphology of 
the film: 
1. Wafer surface orientation: It is well known that the (100) Si surface tends 
to promote epitaxial growth compared to its (111) counterpart due to the 
presence of Si(100)-(2×1) dimers that are unique to the (100) surface [129]. 
Epitaxial growth is the formation of long dimer strings perpendicular to 
those present on the surface. Fortunately, in real solar cell applications, this 
disadvantage can be mitigated by texturing (100) Si wafers to expose (111) 
planes on the facets of the anti-reflection pyramids. 
2. Process temperature: The surface temperature of the wafer during the dep-
osition process determines the surface diffusion length of the incoming par-
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ticles from the plasma. It in turn affects the atoms’ arrangement on the sur-
face. With high surface temperature, crystal nucleation is favoured and 
plasma species tend to travel long distances along the surface and adsorb at 
energetically favourable sites. This process can induce epitaxial growth, as 
high temperatures usually prevent disorder. Fujiwara et al. [40] systemati-
cally studied the temperature effect on epitaxial growth and concluded that 
a surface temperature of 130˚C seems to be the threshold of epitaxial growth. 
Therefore, in order to ensure good surface passivation, a low-temperature 
process (< 130˚C) is preferred in the case of a-Si:H(i) deposition. 
3. Silane depletion fraction: Interestingly, besides all plasma parameters 
(other than sample temperature), the SiH4 depletion fraction can be used as 
the sole indicator for the amorphous to microcrystalline transition (epitaxial 
growth) [130]. This parameter is especially important in the determination 
of the onset of such transition as it is well known that the best passivation 
quality can be obtained near this onset [27, 64]. Thus, a-Si:H(i) deposition 
is usually carried out using high H2 dilution to achieve high depletion frac-
tion. It was also demonstrated that the use of a very high frequency (VHF) 
plasma (> 70 MHz) [131] or the variation of the plasma pressure [27] can 
result in the same effect. 
2.2.2. Cell structure and band diagram 
Unlike conventional solar cells with diffused junctions, individual layers in 
HET cells, such as the passivation layer, emitter and BSF are formed using 
PECVD processes. Such a structure gives HET cells unique advantages to 
achieve high Voc and avoid highly recombination active metal-semiconductor 
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contact using a low-temperature process. Studies revealed that the direct addi-
tion of doped a-Si:H(i) layers to c-Si usually results in poor Voc and fill factor 
(FF) due to a large density of interfacial defects [14]. Therefore, the insertion 
of an ultrathin surface passivation layer in between c-Si wafer and the emitter 
(or the BSF) to suppress recombination is the key in the HET structure. The 
cross-sectional sketch of a conventional bifacial HET solar cell is shown in Fig-
ure 2.12.  
 
 
Figure 2.12: Cross-sectional view of a conventional bifacial HET solar cell. 
a-Si:H(i) layers sandwiched between c-Si and emitter (or BSF) are surface pas-
sivation layers to reduce recombination. n-type c-Si is commonly used in HET 
structure due to good stability against illumination induced degradation, high 
minority carrier lifetime and small capture cross section of minority carriers. 
TCO layers are added on the front and rear surfaces to enhance the lateral con-
ductance towards the metal fingers. The layer thicknesses are not drawn to scale. 
See [26, 103]. 
a-Si:H(i) layers shown in Figure 2.12 are deposited using low-temperature 
PECVD processes. The doped layers (emitter and BSF) are formed using the 
same precursors as a-Si:H(i), with the addition of dopant gas. The TCO layers 
are usually deposited via sputtering from tin doped indium oxide or zinc oxide 
targets. The metal grids on both sides of the cell are usually formed by screen 
n-type c-Si absorber
a-Si:H(i) / μc-Si(n) stack
TCO layers
front metal fingers
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printing, using metal pastes (silver) that can be cured at a moderate temperature 
(< 200˚C). In order to enhance the light trapping capability (and reduce front 
surface reflection), the front wafer surface is usually textured with random up-
right pyramids using an alkaline wet-chemical process. In Figure 2.12, it is in-
teresting to notice that the conventional HET solar cells make use of n-type  
c-Si wafers as the absorbing material, instead of p-type wafers, which are the 
common industrial practice in conventional solar cell production. This is mainly 
due to the following three reasons:  
1. Most impurities in c-Si wafers, which are commonly transition metal point 
defects [8], feature a large electron to hole capture cross section ratio [132]. 
Therefore, for the same impurity concentration, n-type material can have a 
higher minority carrier lifetime compared to p-type material, resulting in a 
higher efficiency potential [132]. 
2. As p-type wafers are usually fabricated by boron doping, the stability 
against light soaking can be severely hampered if O [133] or iron [134] im-
purities are present. However, such instability is not observed in n-type wa-
fers due to the absence of boron. Therefore, n-type Czochralski (Cz) wafers 
can be used in HET cell applications without the need to further reduce O 
and iron concentrations.  
3. Dangling bond defects, which are the major recombination centres in HET 
solar cells, have a large electron to hole capture cross section ratio (> 100). 
Therefore, n-type wafers can be much more easily passivated [135]. 
For large-scale fabrication, HET cells should meet the following require-
ments: 
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Simple processing steps: This is mainly achieved through the elimination of 
complicated and time consuming fabrication processes. In particular, high-tem-
perature processing (dopant diffusion, thermal oxide formation), sacrificial 
masking and photolithography should be avoided in the production. Low-tem-
perature PECVD processes ensure a small thermal budget in the fabrication pro-
cess. The metal grid can be formed via screen printing of low-temperature sil-
ver/aluminium alloyed paste.  
High efficiency: One of the key advantages of HET cells compared to conven-
tional c-Si solar cells is the potentially very high Voc, due to the suppression of 
surface recombination [14]. In order to realise this advantage, the passivation 
layer must be well investigated and optimised. At the same time, the thickness 
of this layer is also important as it may affect FF and the light absorption. Even 
though Jsc and FF of HET solar cells may be lower than that of conventional  
c-Si solar cells (due to high front parasitic optical absorption and high imped-
ance to carrier transport), the extremely high Voc is a clear efficiency advantage 
in HET cells. Furthermore, the high Voc also improves the cells’ temperature 
coefficient, which is beneficial for applications in hot climatic conditions [14]. 
In order to obtain more insight into the advantages in the HET structure, a 
simple band diagram of the c-Si/a-Si:H(i) interface of an n-type HET solar cell 
is presented in Figure 2.13. 
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Figure 2.13: Band diagram at the a-Si:H(i) (left)/c-Si (right) interface of n-type 
HET solar cells (a) in isolated state and (b) under electronic contact in equilib-
rium. qχ and qΦ represent the electron affinity and the work function of the 
respective materials. ΔEc and ΔEv are the band discontinuity for the conduction 
and valence band, respectively, due to the bandgap mismatch between a-Si:H(i) 
and c-Si. qΨbi represents the built-in potential for respective materials under 
equilibrium after electronic contact. Wi measures the respective space charge 
region width. The shaded area in (b) represents a possible accumulation of holes. 
The physical quantities and dimensions are not drawn to scale. See [103]. 
Under isolated conditions, a-Si:H(i) and c-Si maintain their own flatband 
structures with electron affinity qχ and work function qΦ. Electron affinity re-
fers to the energy needed to move one electron positioned at the conduction 
band edge to the vacuum level, while the work function measures the energy 
difference between the Fermi level and the vacuum level. It should be noted that, 
before electronic contact, the Fermi levels in a-Si:H(i) and c-Si are not aligned. 
Furthermore, due to structural differences, the bandgap of a-Si:H(i) is larger 
than that of c-Si, with a difference of approximately 0.6 eV. Therefore, a band 
discontinuity exists between them. Experimental results show that the mismatch 
is not evenly distributed between the conduction and valence band, but rather 
concentrated at the valence band. With various band offset values reported in 

















































Chapter 2 Basic Physics of Heterojunction Solar Cells 
the general agreement is that the valence band offset is about three times larger 
than the conduction band offset [142]. 
When the two materials are brought into contact in a solar cell, charge car-
riers start to flow until thermal equilibrium is reached according to Anderson’s 
model [143]. Under this condition, the Fermi levels of the contacting materials 
should align. In n-type c-Si material, where the Fermi level is located in the 
upper half of the bandgap, excess electrons tend to flow into the a-Si:H(i) layer, 
creating a depletion region of electrons in c-Si and leaving immobile positively 
charged dopant ions behind. Similarly, holes tend to flow into c-Si, resulting in 
an negatively charged depletion region in a-Si:H(i). Mobile charge carriers in 
the depletion region are swept across the junction by the electrical field created 
by the immobile ions. Therefore, the depletion region is virtually free of mobile 
charge carriers and is also termed space charge region. The space charge region 
width (Wi) is determined by the electrical field strength, which in turn depends 
on the doping density of the respective materials. The flow of mobile charge 
carriers creates a built-in potential (Ψbi) in the contacting materials, with the 
total Ψbi equal to the sum of those in the respective materials. The total built-in 
potential can also be calculated by the difference in the work function of the 
contacting materials, which increases with the doping concentration.  
From Figure 2.13(b), it can be observed that, besides the built-in potential, 
the band offsets also affect the charge transport. For n-type HET solar cells, 
where holes are the minority carriers, the conduction band offset at the interface 
creates additional potential barrier for electrons, thus reducing the recombina-
tion rate through the reduction of the majority carrier concentration. However, 
as holes need to be injected into a-Si:H(i) in order to be collected by the emitter, 
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the valence band offset hampers the transport. The accumulated holes in the 
shaded region in Figure 2.13(b) prevent other holes from approaching the junc-
tion, therefore limiting the current. As the hole current depends strongly on the 
potential barrier of the valence band, the valence band offset plays an important 
role for the charge carrier collection. Unfortunately, as mentioned earlier, over 
70% of the total band offset occurs in the valence band. In the worst case, an 
S-shaped I-V curve is observed due to hole accumulation at the interface, espe-
cially under low illumination conditions where the electrical field is not strong 
enough to sweep out the charge carriers. For a more detailed discussion of the 
band theory and offset in HET solar cells, the reader is referred to the book by 
Capasso [144] and other publications [145-151]. 
2.2.3. Current research status on HET solar cells 
The leading one-sun efficiencies of HET solar cells are summarised in Table 
2.1. These cells were all made on n-type Si wafers. It is evident that the HET 
solar cell technology has reached a very high efficiency level, with several re-
search groups achieving over 23%. From Table 2.1, it is clear that the main 
advantage of HET solar cells is the high Voc. Remarkably, using an all-back-
contact scheme, Panasonic has recently achieved an outstanding efficiency of 
25.6% on wafers with a thickness of only 98 µm due to excellent light trapping 
mechanism, while other groups usually obtain their best efficiencies on wafers 
with thickness of over 200 µm. In terms of Voc, 769 mV was found to be the 
theoretical one-sun limit (at 25˚C) for a 100 µm thick c-Si wafer if only intrinsic 
recombination mechanisms are considered [152]. Therefore, the Voc of 750 mV 
achieved by Panasonic on bifacial HET cells demonstrates excellent surface 
passivation. As a comparison, the current record efficiency for diffused single-
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junction c-Si wafer based solar cells is 25.0%, achieved by the University of 
New South Wales [153] on a small-area cell (~4 cm2) with the PERL structure. 
However, as this cell structure involves many complicated steps (including pho-
tolithography), it cannot be easily implemented in mass production. It is partic-
ularly noteworthy that Panasonic’s 25.6% efficiency was achieved on a large 
cell area of 143.7 cm2, suggesting that even higher efficiencies could be ob-
tained in the future for smaller cells. 
 
Table 2.1: Highest efficiency HET solar cells reported in the literature. All these 
cells used n-type c-Si wafers. 






Panasonic [16]  25.62 740 41.8 82.7 143.7 2014 
Panasonic [12] 24.7 750 39.5 83.2 101.8 2013 
Sharp [154] 24.7 730 41.4 81.8 3.72 2013 
Kaneka [155] 24.2 738 40.0 81.9 238.93 2013 
Choshu Industry [156] 22.3 722 38.4 80.2 4.0 2012 
AU Optronics [157] 22.3 724 37.5 82.0 238.9 2013 
CEA-INES [158] 22.2 733 38.7 78.5 103 2012 




2 The efficiency was achieved on an all-back-contact scheme. 
3 The active area is calculated based on 6-inch-wide wafer size. 
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 Chapter 3 Equipment, Sample Preparation and Characterisa-
tion Methods  
 
In this chapter, the fabrication method for amorphous Si alloys is discussed, 
including the design of the PECVD reactor, the various plasma parameters, and 
the sample preparation procedure used in this thesis. This is followed by a de-
tailed illustration of the characterisation techniques used to analyse the surface 
passivation and optical properties of the thin films. In this work, two types of 
passivation films are investigated with similar deposition conditions and char-
acterisation techniques. Therefore, unless specifically pointed out, the content 
in this chapter is applicable to both passivation films. 
3.1. Flow chart for sample fabrication 
In order to clearly present the chronological order of how the samples were 
fabricated and characterised, the flow chart in Figure 3.1 outlines the process 
that a sample undergoes before scientific data are collected and analysed. A 
more detailed discussion of each step shown in Figure 3.1 can be found in sub-
sequent sections. 
All sample fabrication begins with the cleaning of the Si wafer substrates. 
The wafers used in this work are either n-type polished 4-inch-diameter float 
zone (FZ) wafers with an average resistivity of 3 Ωcm or solar-grade n-type 
planar 6-inch-wide pseudo-square Cz wafers with an average resistivity of 
1 Ωcm. The cleaning process includes a saw damage etch (SDE) for Cz wafers 
only, followed by the removal of impurities in chemical solutions. The chemical 
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oxide grown during the process is subsequently removed by a short dip in di-
luted hydrofluoric acid (HF). The wafers are then transferred into a PECVD 
reactor for thin-film deposition. After the double-sided surface passivation film 
deposition, the samples are taken out for various characterisations. After the 
“as-deposited” τeff measurement, some samples undergo a post-deposition an-
neal prior to the final characterisation. In Raman and FTIR measurements, 
which require specially made samples, Corning-7059 glass slides and one-side-
polished high-resistivity Si wafers (> 300 Ωcm) are coated together with the 
lifetime samples. They are then analysed with the corresponding techniques 
without going through the annealing process. 
 
Figure 3.1: Flow chart of the sample fabrication and characterisation process. 
Processes shown in dashed boxes are not necessarily performed in all experi-
ments. Details of each processing step will be elaborated in the relevant sections. 
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3.2. Wafer cleaning 
In order to reduce the surface roughness and impurities from the wafer saw-
ing process, all planar Cz wafers undergo an SDE process for about 10 minutes 
to remove a thickness of several micrometres from each surface. FZ and Cz 
wafers are then rinsed in RCA (Radio Corporation of America) solutions to re-
move organic and inorganic impurities [160]. In order to remove the chemical 
oxide grown during the RCA clean, all wafers are dipped in diluted HF solution 
before being rinsed in deionised water and then spin-dried. The detailed recipes 
for the SDE, RCA and HF dipping processes are summarised in Table 3.1. 
Table 3.1: Recipes for solutions used in the wafer cleaning process. The quan-
tities for chemicals and water are shown in ratios instead of absolute amount. 





RCA1 1 - 1 - 6 - 80 10 
RCA2 - 1 1 - 6 - 80 10 
SDE5 - - - 1 10 - 80 10 
HF - - - - 20 1  256 1 
 
3.3. Passivation film deposition 
After cleaning and drying, wafers (and other special samples) are transferred 
immediately into the PECVD reactor in order to avoid native oxide growth. In 
order to compare the passivation quality of a-Si:H(i) and a-SiOx:H(i), two types 
of plasma reactors are used in this work. 
4 Measured in vol.%. 
5 Measured in wt.%. 
6 Room temperature without any applied heating. 
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3.3.1. Sample structure 
To assess the surface passivation quality of the deposited film, symmetri-
cally passivated wafers are always fabricated. Symmetrical passivation of both 
wafer surfaces with identical films provides the best test vehicle, as the surface 
recombination velocities at the two surfaces are equal and thus the analysis of 
τeff is simplified (see Section 2.1.3.4). The lifetime sample structure is demon-
strated in Figure 3.2(a). The special sample structures required for the Raman 
and FTIR analyses are illustrated in Figure 3.2(b) and (c), respectively. 
 
Figure 3.2: Illustration of (a) symmetrically passivated lifetime sample; (b) sin-
gle-side coated glass for Raman analysis and (c) single-side deposited sample 
on the polished side of the high-resistivity Si wafer for FTIR analysis. Drawings 
are not to scale. 
3.3.2. Notes on the choice of silicon wafer substrates 
In order to be more relevant to industrial application, solar-grade Cz c-Si 
wafers with an average resistivity of 1 Ωcm are used as lifetime sample sub-
strates (except for those studied in Chapter 4 where FZ wafers are used to es-
tablish a baseline recipe with high effective lifetime). Although solar-grade Cz 
wafers may have a lower bulk quality compared to FZ wafers (which may have 
an impact on τeff), the study performed on these samples shows more industrial 
relevance. In fact, it is shown in Chapter 6 that the optimal ICP-deposited  
a-SiOx:H(i) films developed on the solar-grade substrates have an even better 
effective lifetime compared to most existing high-quality passivation schemes 
(a) (b) (c)
a-Si / a-SiOx
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based on high-quality FZ wafers. This observation implies an excellent surface 
passivation quality with a direct applicability to the industrial process.  
Besides wafer bulk quality, wafer surface morphology also affects the ef-
fective lifetime. In this work, only planar wafers with (100) crystal orientation 
are used. While most commercially available HET solar cells have textured sur-
faces, the reasons for choosing planar wafers are as follows: 
1. The surface state density on (100) planes is about a factor of three lower 
than that on (111) planes [130] for an untreated Si surface. By texturing the 
(100) surface, the wet-chemical process and the exposed (111) surfaces may 
result in a major reduction in effective lifetime, making the difference be-
tween good and mediocre surface passivating films less evident. Therefore, 
only planar (100) oriented wafers are chosen to clearly observe the change 
in effective lifetime when using different surface passivation materials. 
2. It is well known that the detrimental epitaxial growth occurs more easily on 
(100) compared to (111) surfaces [130]. Since one of the key purposes in 
this thesis is to demonstrate an alternative passivation material that can sup-
press epitaxial growth, the use of the textured (111) surfaces is avoided. 
3. Although widely applied in bifacial HET and other high-efficiency solar cell 
structures, rear surface texturing is not necessary for HET cells with full-
area metallisation at the rear. Therefore, recipes for passivation films devel-
oped in this work on planar wafer surfaces can be readily transferred to in-
dustrial fabrication of HET solar cells. 
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4. In order to ensure a fair comparison of the passivation quality of ICP-
deposited a-SiOx:H(i) with other high-quality passivation schemes, a (100) 
planar surface is necessary, since most of the literature work was performed 
on this type of c-Si surface. 
3.3.3. Plasma reactors 
3.3.3.1. Comparison among different plasma reactors 
Based on the physical nature of the glow discharge and power coupling, 
there are three fundamental types of plasma reactors: capacitively coupled, in-
ductively coupled and wave-heated reactors. While all of them can be used for 
chemical vapour deposition, the inherent nature of the plasma and reactor design 
determines their suitability in HET solar cell production. In this section, a brief 
comparison with regard to the applicability to HET cell fabrication among the 
three types of reactors is presented. For a more detailed discussion on plasma 
physics and reactor design, the reader is referred to the book by Lieberman and 
Lichtenberg [161]. 
CCP reactor is the most standard and widely used tool in thin-film deposi-
tion. It consists of two parallel-plate electrodes with one grounded and the other 
attached to power source. The power source can be direct current (not suitable 
for dielectric layer deposition), radio frequency (RF) or VHF, with RF source 
being widely available in industrial applications. The plasma is generated be-
tween the electrodes and the power is coupled into the plasma through the sheath 
region (large potential variation area near the plates). The substrate is mounted 
on one of the electrodes, therefore, is directly exposed to the plasma. This direct 
plasma method can induce severe ion bombardment to the substrate and create 
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high defect density. On the other hand, the plasma density is limited to around 
1010 cm-3 due to the less efficient power coupling through the sheath region. The 
density can be improved slightly by increasing the power. However, this is al-
ways accompanied by a more severe ion bombardment as the potential drop 
across the sheath region is also increased. Thus, CCP-deposited films usually 
have a limited surface passivation quality and a low throughput. However, this 
method is still widely applied in industry due to its easy configuration, uni-
formity, scalability and the readily accessible power source. 
ICP reactor is not widely used in the formation of passivation layers in 
HET solar cells so far. Unlike CCP, the power is fed into the plasma through a 
varying electrical field induced by the RF current in the inductive coil. The 
much higher coupling efficiency gives ICP a very high plasma density (~1013 
cm-3) under a much lower working pressure [162]. Furthermore, this method 
can produce a highly localised plasma with very low and narrowly distributed 
electron energy, thus preventing the substrate from the direct plasma impact and 
reducing the ion bombardment. It is considered a very promising method to de-
liver high-throughput and high-quality surface passivation films for HET solar 
cells with easy plasma chamber configurations [29]. The disadvantage associ-
ated with ICP is the difficulty in matching network design that keeps the plasma 
in the inductively excited state. 
Wave-heated reactor is widely used in dielectric layer and ARC deposi-
tion [163, 164]. Instead of coupling into the plasma, the energy carrying waves 
are guided along the surface of the plasma by magnetic field lines (surface wave 
sustained mode) to a resonance zone (resonator mode) and are subsequently ab-
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sorbed by the electrons in a collisionless heating mechanism, resulting in spa-
tially localised plasma with high density (~1012 cm-3) [161] and uniformity over 
very large area. Microwave power (2.45 GHz) fed through the antennas is usu-
ally used in such reactors. It is suitable for passivation layer deposition due to 
its low damage to the substrate and relatively high throughput compared with 
CCP method. However, due to the complicated system design [165], such as the 
reactor geometry for resonance, the inclusion of strong magnetic field and the 
use of microwave source that is not so widely used in industry as RF supply, 
wave-heated plasma reactor might have negative implications for industrial 
HET solar cell production. This system is not investigated in this thesis. 
3.3.3.2. Parallel-plate capacitively coupled plasma reactor 
In this work, one of the chambers of a cluster tool (MVSystems, U.S.A.) is 
used for PECVD processing of thin films using the parallel-plate capacitively 
coupled plasma method (“CCP method”). The system has one load lock for 
loading/unloading the samples, which are attached to a stainless steel substrate 
carrier. Once the sample is inside the process chamber, it is heated to the desired 
deposition temperature, using resistive heating elements located above the sam-
ple. The sample temperature is sensed by a thermocouple placed close to its 
surface. However, due to the distance between the sample surface and the ther-
mocouple, the temperature reading from the thermocouple is not the actual sam-
ple temperature. Based on a temperature calibration with a data logger, the tem-
perature measured by the thermocouple is about 110˚C higher than the actual 
wafer temperature. The design of the CCP reactor used in this work is shown in 
Figure 3.3. 
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Figure 3.3: Schematic of the CCP reactor used in this work. 
After the substrate has reached the set temperature, the processing gases 
(SiH4 and H2 for a-Si:H(i) deposition) flow into the plasma chamber through a 
gas inlet located on the left of the chamber. The flow rates of the reaction gases 
can be adjusted individually through mass flow controllers (MFCs), while the 
chamber pressure is sensed through an ion gauge located at the bottom of the 
chamber (not shown). The chamber pressure is controlled by the combined ef-
fect of the total gas flow rate and the status of a throttle valve situated between 
the chamber and the turbo pump on the right. Once the desired chamber pressure 
is achieved, RF power (13.56 MHz) is fed into the plasma through the bottom 
active electrode via an automatic matching network. This chamber features an 
upward deposition where the deposition precursors travel upwards to form the 
film on the substrate. The parallel-plate system has an electrode size of about 
40×30 cm2 with an inter-electrode distance of about 15 mm. The RF power sup-
ply shuts off after the pre-selected deposition time, and the sample can then be 
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removed from the chamber, or left inside for annealing (in vacuum or H2). Due 
to the chamber design, symmetrically passivated samples (see Figure 3.2(a)) 
cannot be fabricated without a vacuum break. Depending on specific experi-
ment needs, the following plasma parameters may be varied in the CCP system: 
H2 dilution ratio (r): This is the ratio of the flow rates of H2 to SiH4. It has 
great influence on the film morphology [64]. It can be varied by changing the 
corresponding gas flow rates individually. In this work, only the value of the 
ratio (rather than the individual flow rates) will be reported since this is more 
relevant to obtaining well passivating films. Furthermore, a large variation of r 
is avoided due to the large volume of literature reporting on the possible range 
to achieving good passivation. The effect of r on passivation quality will be 
investigated in Chapter 4. 
Chamber pressure: This variable can be set through the software that controls 
the PECVD system. The actual pressure inside the chamber is maintained by 
the automatic change in the extent of opening of a throttle valve at the exhaust 
side. Due to the system design, the deposition pressure of a-Si:H(i) passivation 
films is usually below 130 Pa to avoid dust formation and a high deposition rate. 
Deposition temperature: This parameter is adjusted by setting the appropriate 
temperature to the heating elements. As mentioned earlier, the temperature of 
the heating element is 110˚C higher than the sample temperature. In order to 
achieve a uniform temperature across the wafer surface, a pre-heating time of 
10 minutes is always used in this work when conducting experiments in the CCP 
reactor. The sample temperature is varied up to 250˚C in this work, which is the 
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limit of the system, although Fujiwara et al. [40] have reported that tempera-
tures above 130˚C will result in the epitaxial growth of a-Si:H(i). 
Deposition time: This is the duration of deposition that controls the thickness 
of the passivation film. As a thick film is usually associated with strong optical 
absorption and high impedance to charge carrier transport, a long deposition 
time should be avoided. However, initial studies in this work used long deposi-
tion times, to ensure a complete coverage of the wafer surfaces and to eliminate 
second-order effects due to film thickness on the passivation quality [38]. In 
subsequent investigations, the film thickness is always kept at a device relevant 
value, in order to be readily applicable to functional HET solar cell devices. 
Plasma power: This variable is always kept constant at the lowest possible 
value that is required to ignite the plasma, because a high plasma power usually 
produces a high bias on the substrate, which in turn results in a high extent of 
ion bombardment and thus an excessive damage to the wafer surface. In this 
work, the CCP power density is kept at 33 mWcm-2 unless otherwise stated. 
3.3.3.3. Inductively coupled plasma reactor 
In addition to the CCP plasma reactor described above, a remote inductively 
coupled plasma reactor is used for obtaining high-quality surface passivation 
films. This ICP reactor is the central tool of the pilot line for HET solar cells 
being established at SERIS. This reactor is chosen because it is able to produce 
a very high density plasma with low and narrowly distributed particle energy 
compared to CCP [29, 38, 67]. Furthermore, the Si wafer surface is less influ-
enced by the plasma conditions, by keeping the substrate outside of the plasma 
generation region (“remote” plasma). Therefore, the passivation quality can be 
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further improved in this system, with a reduced processing time compared to a 
CCP system. The novel ICP reactor (SINGULAR-HET) designed by SERIS in 
collaboration with Singulus Technologies is specifically made for HET solar 
cell applications. It has one infrared (IR) heating station (PS1) for pre-heating 
and four process stations (PS2 - PS5) for deposition. Two of the process stations 
(PS2 and PS5) perform downward depositions and the other two (PS3 and PS4) 
are in the upward deposition configuration. Therefore, symmetrical passivation 
of both wafer surfaces can be accomplished without vacuum break. The process 
temperature is mainly adjusted by changing the heater power setting in PS1 as 
well as the stabilisation heater in each process station. The temperature of the 
wafers is monitored by pyrometers installed after each station (including PS1). 
Si wafers are loaded into the system using an automated cassette wafer handling 
unit on aluminium carriers. The carriers can hold up to four 6-inch-wide wafers 
at a time. Together with a high plasma density, this reactor guarantees a high 
throughput of more than three thousand wafers per hour, which is very promis-
ing for future industrial applications. The structure and the process cycle of the 
SINGULAR-HET is illustrated in Figure 3.4(a). 
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Figure 3.4: Illustration of (a) the process stations and process cycle and (b) an 
ICP process station (for example PS2) in the SINGULAR-HET. Samples on 
carriers undergo a complete cycle starting from and ending at the load lock be-
fore being collected by the cassette wafer handling unit. Deposition in this work 
is performed in PS2 and PS3 only. Only H2 and CO2 gases are decomposed by 
the inductive coil, while the silicon precursor (SiH4) is provided via a distribu-
tion ring outside the plasma region. The red colour intensity of the arrows in (a) 
indicates the temperature of the samples. Drawing is not to scale. 
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In each process station (PS2 - PS5), the ICP source is driven by an RF (13.56 
MHz) generator through a matching box. An alternating electric field is gener-
ated around the inductive coil due to the oscillating magnetic field induced by 
the RF current inside the coil. A plasma is then produced and sustained around 
the coil by the electrons excited in the changing electrical field. Reactive gases 
(H2 and CO2) are fed through the inductive coil and decomposed in the ICP. 
The silicon precursor gas (SiH4) is introduced through a distribution ring located 
outside the inductive coil and close to the wafer carrier, so that more uniform 
deposition can be achieved. In this way, the unintended deposition onto the gas 
inlet located inside the inductive coil is also minimised. The decomposed spe-
cies travel downwards in PS2/5 and upwards in PS3/4 onto the wafer surface to 
form the film. The ICP source and process station design is shown in Figure 
3.4(b). Depending on the experimental design, the following plasma parameters 
can be varied: 
Deposition temperature: As mentioned earlier, the deposition temperature is 
mainly controlled by changing the input power to the IR heating lamp array in 
PS1. The temperature is subsequently sensed by pyrometers positioned after 
each process station. The pyrometers are calibrated to Si wafers and verified 
using in-situ thermocouple readings in the temperature range of interest. As the 
samples have to go through all stations before collection, deposition in this study 
is only carried out in short durations (< 30 seconds for each surface) using PS2 
and PS3, which are the closest to the heating station. This is to ensure a minimal 
temperature reduction of the samples before and during depositions. The stabi-
lisation heaters are also switched on in PS2 and PS3 to maintain the sample 
temperature. However, a small temperature gradient during fabrication process 
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is still expected in such a setup. In order to be consistent, all temperatures re-
garding ICP depositions reported in this study are taken from the pyrometer 
reading after PS1.  
CO2 partial pressure (χo): This parameter is only relevant when depositing 
a-SiOx:H(i) thin films using the ICP reactor. It is defined as: 
 𝜒𝜒𝑑𝑑 = [𝐶𝐶𝑂𝑂2][𝐶𝐶𝑂𝑂2] + [𝑆𝑆𝑤𝑤𝐻𝐻4] × 100%  (3.1) 
where the square brackets denote the flow rate of the corresponding gas. The 
partial pressure determines the total oxygen content introduced into the film and 
affects the morphology and passivation quality. Similar to the CCP reactor, only 
values of the partial pressure will be reported in this study. For both ICP-
deposited a-Si:H(i) and a-SiOx:H(i), the hydrogen dilution ratio is always kept 
at 100% unless otherwise stated. 
Unlike the CCP reactor, the chamber pressures in the ICP tool cannot be 
adjusted individually, due to the lack of throttle valves. Therefore, the total gas 
flow and other plasma parameters will affect the pressure. Nevertheless, due to 
the nature of the ICP source, a maximum pressure of 1 Pa is used in all ICP 
experiments, and it is worth noting that the pressure deviations are small among 
all ICP experiments conducted in this work. 
3.4. Characterisation techniques 
In this section, the physical background and the application of some stand-
ard characterisation techniques are summarised. These include quasi-steady-
state photoconductance decay, spectroscopic ellipsometry, Raman spectroscopy 
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and Fourier transform infrared spectroscopy. The discussion of less frequently 
used techniques in this work is given in the relevant chapters. 
3.4.1. Quasi-steady-state photoconductance decay 
As shown in Section 2.1.3, several recombination mechanisms affect the 
effective minority carrier lifetime of a sample. In a simple approximation, τeff 















where τfront and τrear denote the lifetime due to the front and rear surfaces of the 
wafer. With radiative and Auger recombination being unavoidable, and bulk 
SRH recombination being the property of the commercial c-Si wafer used in the 
experiment, these three terms can be combined as an uncontrollable constant 
τbulk to denote the overall bulk quality of the wafer. Since the lifetime samples 
in this work are symmetrically passivated, the recombination rates at the front 


















Since the bulk lifetime is often not known, it makes sense to assume an in-
finite bulk lifetime and thereby to determine an upper limit for Seff at each of the 
two wafer surfaces:  
70 
Chapter 3 Equipment, Sample Preparation and Characterisation Methods 
 𝑆𝑆𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑊𝑊2𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓 (3.5) 
Knowing the wafer thickness, the surface passivation quality of the film can 
be quantified by the measurement of τeff and the subsequent calculation of Seff. 
3.4.1.1. Effective minority carrier lifetime measurement 
According to Nagel et alia [166], the time-resolved excess charge carrier 




= 𝐺𝐺(𝜕𝜕) − 𝑈𝑈(𝜕𝜕) + 1
𝑞𝑞
𝐽𝐽 (3.6) 
For homogeneous generation, J is negligible. Combining with Equation 2.11, 
τeff can be written as [166]: 
 𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓(Δ𝑛𝑛) = Δ𝑛𝑛(𝜕𝜕)
𝐺𝐺(𝜕𝜕)− 𝑑𝑑Δ𝑛𝑛(𝜕𝜕)𝑑𝑑𝜕𝜕  (3.7) 
The determination of τeff now depends on the measurement of the time-re-
solved Δn and G. While the change of carrier density and generation rate can be 
stimulated by the excitation from an external flash lamp, depending on the pulse 
duration (1/e) of the flash, two modes of measurement can be derived [87, 167]: 
Transient mode: If the pulse duration of the flash lamp (τflash) is much shorter 
than the rate of decay of the excess carriers (high τeff), then G can be neglected. 
Therefore, Equation 3.7 can be simplified to: 
 𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓 = − Δ𝑛𝑛(𝜕𝜕)𝑑𝑑Δ𝑛𝑛(𝜕𝜕)
𝑑𝑑𝜕𝜕
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However, Nagel et al. [166] also pointed out that the above relationship is ac-
curate only if the ratio between τeff and τflash is greater than 2.5. Otherwise the 
measurement error becomes larger than 10%.  
Quasi-steady-state mode: If τflash is much longer than τeff, a quasi-constant pro-
file of Δn against time can be created. In this case, the change in Δn is neglected 
and Equation 3.7 can be written as: 
 𝜏𝜏𝑒𝑒𝑓𝑓𝑓𝑓 = Δ𝑛𝑛(𝜕𝜕)𝐺𝐺(𝜕𝜕)     𝑓𝑓𝑓𝑓𝑓𝑓 𝑑𝑑Δ𝑛𝑛(𝜕𝜕)𝑑𝑑𝜕𝜕 ≪ 𝐺𝐺(𝜕𝜕) (3.9) 
Similar to the transient case, Equation 3.9 is only accurate only if the ratio be-
tween τeff and τflash is less than 0.1 [166]. 
Due to the strict constraints on the simplified modes of measurement, Nagel 
et al. [166] proposed the use of the generalised relationship in Equation 3.7 for 
samples with arbitrary lifetime and for flash lamps with any time constant. They 
also showed that the so-called generalised mode provides the most accurate and 
convenient way of measuring τeff. Therefore, in this work, all reported τeff values 
are measured using this relationship. 
3.4.1.2. Measurement principle and setup 
From Equation 3.7, the determination of τeff relies on the calculation of time-
resolved carrier density and the generation rate under the excitation of the flash 
lamp. In this work, τeff measurement is done using a Sinton Consulting 
WCT-120 QSSPC setup. The detailed working principle can be found else-
where [87, 167, 168]. The setup comprises a flash lamp with adjustable τflash, a 
grey optical filter to ensure homogeneous photogeneration across the thickness 
of the sample, a sample holder with heating elements to maintain a constant 
72 
Chapter 3 Equipment, Sample Preparation and Characterisation Methods 
measurement temperature, an inductive coil that is connected to an RF bridge 
to sense the photoconductance change, a reference concentrator solar cell, a data 
acquisition unit and an external software to analyse the data. A simplified illus-
tration of the setup is shown in Figure 3.5. 
 
Figure 3.5: Illustration of the QSSPC setup for carrier lifetime measurements. 
When light from the flash lamp shines onto the front surface of the lifetime 
sample, excess charge carriers are generated inside the wafer. The excess carrier 
density can be calculated based on the change of the sample’s inductance in-
duced by the change of photoconductance σph, through: 
 𝜎𝜎𝑝𝑝ℎ = 𝑞𝑞(Δ𝑛𝑛𝜇𝜇𝑛𝑛 + Δ𝑝𝑝𝜇𝜇𝑝𝑝) (3.10) 
where µn and µp are the mobility of electrons and holes, respectively, with equal 
values of Δn and Δp assumed during the measurements (i.e., no charge carrier 
trapping effects). Since the carrier mobility is a function of the injection level, 
the doping type, the doping concentration and the temperature [169], a unique 
relationship between these quantities is taken into account when calculating the 
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25˚C during the measurements. Once the carrier density is known at each instant 
during a measurement, the time-resolved derivative in Equation 3.7 can be cal-
culated. The intensity of the flash light and the photogeneration rate in the sam-
ple is estimated through Jsc measurements of the calibrated reference cell. This 
indirect approximation of the photogeneration rate in the device under test re-
quires the input of an optical constant, which defines the characteristic differ-
ence in optical absorption and charge generation between the sample and the 
reference cell. The detailed calibration of the optical constant by simulation was 
described by Basore et alia [170]. In this work, the optical constant is always 
kept at 0.7 for planar c-Si. As τeff depends on the injection level, all lifetime 
values reported in this work are extracted at an injection level of 1015 cm-3, 
which roughly corresponds to the injection level of a one-sun illuminated c-Si 
solar cell. Voc,imp is then calculated at one-sun condition7 determined by the ref-
erence cell (see Equation 2.37). 
3.4.2. Spectroscopic ellipsometry 
An SE measurement provides a non-destructive means to obtain optical con-
stants of the passivation film on polished wafer surfaces. Through appropriate 
modelling, information such as film thickness, absorption coefficient, optical 
bandgap and crystallinity can be derived. Lifetime samples (from CCP experi-
ments) and FTIR samples (from ICP experiments) are used for SE measure-
ments in this work. 
7 One-sun condition in QSSPC measurement refers to the instance that the power intensity out-
put of the flash lamp is 1000 Wm-2, as in standard test condition. 
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3.4.2.1. Principle 
Ellipsometry measures the change of polarisation when a polarised light 
beam is reflected on the surface of a sample. The polarisation state of the inci-
dent light can be decomposed into s-polarised and p-polarised, which represent 
orthogonal directions that are perpendicular and parallel to the plane of inci-
dence, respectively. The detected change in polarisation state after reflection is 
expressed as a complex reflectance ratio (ρ) between the normalised s-polarised 
(rs) and p-polarised (rp) lights in the following relationship: 
 𝜌𝜌 = 𝑓𝑓𝑝𝑝
𝑓𝑓𝑠𝑠
= tan (Ψ)𝑒𝑒𝑖𝑖Δ (3.11) 
where Ψ denotes the amplitude ratio and Δ is the amount of phase shift. In order 
to ensure the maximal difference between rp and rs, the incident angle is chosen 
to be close to the Brewster angle [171]. For Si based materials analysed in this 
work, the incident angle is always fixed at 75˚. The wavelength range for the 
light source is from 300 to 800 nm. An illustration of an ellipsometry experi-
ment setup is shown in Figure 3.6. For a detailed discussion on the principle, 
the reader is referred to other publications [171-174]. 
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Figure 3.6: Illustration of an ellipsometry measurement. Polarised light from the 
light source changes its polarisation state after reflection on the sample surface. 
By decomposing the electrical field into s (perpendicular to the plane of inci-
dence) and p (parallel to the plane of incidence) directions, the change can be 
detected as a ratio of the complex reflectance between the incident and reflected 
lights. θi and θr refer to the angle of incidence and reflection, respectively. 
3.4.2.2. Complex optical and dielectric constant 
Essentially, SE is capable of deriving optical and dielectric constants, from 
which other useful parameters can be calculated. The complex optical constant 
determines how electromagnetic waves behave inside the material and is de-
fined by: 
 𝑛𝑛� = 𝑛𝑛 + 𝑤𝑤𝑘𝑘 (3.12) 
where n is called the refractive index and k is the extinction coefficient. The 
complex dielectric constant ε̃ is then given by: 
 𝜀𝜀̃ = 𝜀𝜀1 + 𝑤𝑤𝜀𝜀2 = 𝑛𝑛�2 ⇒ �   𝜀𝜀1 = 𝑛𝑛2 − 𝑘𝑘2𝜀𝜀2 = 2𝑛𝑛𝑘𝑘     (3.13) 
In Equation 3.12, k determines how the material absorbs light. A more rele-
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 𝛼𝛼 = 4𝜋𝜋𝑘𝑘
𝜆𝜆
 (3.14) 
which measures how far light with a specific wavelength can penetrate into the 
material before being absorbed. For front passivation materials, α should be as 
low as possible to avoid any optical absorption before light reaches the absorber. 
Unlike c-Si, which features a sharp cut-off in α due to the well-defined bandgap, 
amorphous materials like a-Si:H and a-SiOx:H usually have a gradual reduction 
in α towards the bandgap due to localised state transition.  
3.4.2.3. Modelling 
As SE is an indirect method, Ψ and Δ obtained from the measurement cannot 
be converted directly into optical constants. Instead, accurate optical model, 
which should contain: (a) the correct number and order of layers sensed by SE; 
(b) the thickness of each layer and (c) the comprehensive dispersive behaviour 
of individual layers with respect to wavelength, must be used. An iteration is 
then carried out to calculate Ψ and Δ using Fresnel Equations by varying the 
thickness and optical constants of each layer. The layer thickness and dispersive 
behaviour is obtained when the calculated Ψ and Δ match experimental values. 
In a bottom (c-Si wafer) to top (air) order, the optical model used in this work 
comprises the following layers: 
c-Si wafer: This is the bulk material in the sample. The dispersion relationship 
used is from Ref. [175]. 
SiO2 layer: This layer represents the possible presence of the native oxide 
grown during wafer transfer process. It features a fixed thickness of 1 nm with 
a dispersion relationship published by Jellison Jr. [175]. 
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Passivation layer: This is the layer that describes the properties of a-Si:H(i) or 
a-SiOx:H(i) thin films in this thesis. Depending on different requirements, two 
types of dispersion laws are used for this layer: 
1. Tauc-Lorentz (TL) model: It is based on the Lorentz oscillator [176] with 
an addition of Tauc joint DOS [177] component. The relationship is de-
scribed as [178]: 
 𝜀𝜀2,𝑇𝑇𝑇𝑇(𝐸𝐸𝑝𝑝ℎ) = �� 𝐴𝐴𝐸𝐸0𝐶𝐶(𝐸𝐸𝑝𝑝ℎ − 𝐸𝐸𝑔𝑔)2(𝐸𝐸𝑝𝑝ℎ2 − 𝐸𝐸02)2 + 𝐶𝐶2𝐸𝐸𝑝𝑝ℎ2 ∙ 1𝐸𝐸𝑝𝑝ℎ� ,    𝐸𝐸𝑝𝑝ℎ  >  𝐸𝐸𝑔𝑔 0,                                                           𝐸𝐸𝑝𝑝ℎ  ≤  𝐸𝐸𝑔𝑔  (3.15) 
where A is the fitting parameter related to film density, E0 is the peak tran-
sition energy and C is the broadening term related to structural disorder. It 
should be noted that the optical bandgap is also one of the fitting parameters. 
ε1 in this case can be obtained by Kramers-Kronig integration. This disper-
sion relationship is reported suitable to fit SE data in a-Si materials. With 
the inclusion of a variable thickness, this model is used to fit most of the SE 
data in this work. 
2. Bruggeman’s effective medium approximation (EMA): This model de-
scribes the effective optical (or dielectric) constant of a material that is a 
homogeneous blend of several other media with known optical properties. 
The relationship is given by [179]: 
 � 𝛿𝛿𝑖𝑖
𝜀𝜀?̃?𝑖 − 𝜀𝜀?̃?𝑒𝑓𝑓𝑓𝑓
𝜀𝜀?̃?𝑖 − (𝑛𝑛 − 1)𝜀𝜀?̃?𝑒𝑓𝑓𝑓𝑓 = 0
𝑖𝑖
 (3.16) 
where δi is the volume fraction of the corresponding medium and n is the 
total number of media. With respect to this work, the media that make up 
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the passivation film are: c-Si (from Ref. [175]), amorphous Si alloy (from 
Ref. [175]) and void. Therefore, the fitting parameters are the thickness and 
individual volume fractions of the three media. The fitted crystallinity will 
be further checked with results from Raman measurement. 
Surface roughness layer: This represents the surface roughness of the sample 
and consists of 50% bulk material (from the passivation film) and 50% void. 
The volume fraction is always fixed while the thickness can be varied. 
Air: This is the first layer that an incident light passes through, with n = 1 and 
k = 0. 
The schematic of the optical model used in this work is shown in Figure 3.7.  
 
Figure 3.7: Schematic of SE optical model used in this work. 
3.4.2.4. Determination of Eg 
The optical bandgap reported in this work is calculated by using Tauc equa-
tion [180]: 
 �𝐸𝐸𝑝𝑝ℎ𝛼𝛼(𝐸𝐸𝑝𝑝ℎ)�0.5 = 𝐴𝐴(𝐸𝐸𝑝𝑝ℎ − 𝐸𝐸𝑔𝑔) (3.17) 
where A is the density of localised states constant. Following the analysis, the 
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(Eα)0.5 against E. The intersection with E axis is treated as the optical bandgap. 
α can be obtained from SE data fitting as described in the previous section.  
3.4.3. Raman spectroscopy 
3.4.3.1. Principle 
Raman spectroscopy is an inelastic scattering technique to observe vibra-
tional, rotational and other low frequency modes present in a system [181]. It 
relies on the scattering interaction between the incident photon (usually from a 
laser source) and the molecules in the sample material. Typically, the sample is 
illuminated by a monochromatic laser source. The interaction with the electron 
cloud of target molecules may produce elastic scattering (Rayleigh), in which 
photon energy is preserved after the interaction, or inelastic scattering (Raman), 
in which the change of the energy state in the target results in a shift of photon 
frequency. The scattered light is then collected by a lens and sent to a mono-
chromator. Photons with energy close to the laser source due to Rayleigh scat-
tering are filtered out and the wavelength-resolved photon intensity due to Ra-
man scattering is recorded: 






where ∆ω is the amount of wavenumber shift and λ0/1 represents the excitation 
and Raman spectrum frequency, respectively. In Raman scattering, the incident 
photon excites the molecule from ground state to a higher virtual energy state. 
The excited molecule then relaxes and returns to a different vibrational or rota-
tional state with the emission of a photon. If the final state of the molecule is 
more energetic than the initial state, the emitted photon is red-shifted. This is 
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called a stroke scattering. On the contrary, if the emitted photon is blue-shifted, 
the scattering is termed anti-stroke. In a typical Raman experiment, the intensity 
of Raman scattering is much less than that of Rayleigh scattering and infrared 
absorption, with anti-stroke scattering only occupying 10-7 of the total scattered 
light. Possible interactions between photons and target molecules are demon-
strated in Figure 3.8. A more detailed discussion on Raman spectroscopy can 
be found in publications by Gardiner [181] and others [182-186]. 
 
Figure 3.8: Illustration of possible photon-molecule interactions. Molecules are 
promoted to discrete energy levels in infrared absorptions and to virtual states 
in scattering. While Rayleigh scattering does not involve energy transfer, Ra-
man scattering involves red-shift (stroke) or blue-shift (anti-stroke) of photon 
energy. The thickness of arrows roughly indicates the signal strength from the 
corresponding events. 
3.4.3.2. Data analysis 
Raman spectroscopy used in this work is mainly for the extraction of crys-
tallinity in the passivation film. By assuming the film as a homogeneous blend 
of crystalline phase (520 cm-1), transitional phase (mixed phase with wave-
number 510 cm-1) and amorphous phase (480 cm-1) of Si, the crystallinity (Xc), 
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 𝑋𝑋𝑐𝑐 = 𝑑𝑑510 + 𝑑𝑑520𝑑𝑑480 + 𝑑𝑑510 + 𝑑𝑑520 (3.19) 
where I represents the corresponding integrated intensity obtained by fitting the 
Raman signal peak with a Gaussian curve. It should be noted that fitting using 
Gaussian curves alone is sufficient in all experiments in this thesis due to high-
quality reproduction of the Raman spectra. Since the passivation film used for 
Raman analysis is deposited on glass instead of wafer, substrate temperature 
could be different to that for wafer. Furthermore, it is reported that amorphous 
glass substrate tends to suppress crystalline growth at low film thickness. There-
fore, Raman measurement tends to underestimate the crystallinity compared to 
film deposited on a crystalline wafer [65]. Consequently, a comparison with re-
sults obtained from Bruggeman’s EMA model is always made to ensure that the 
correct trend is observed. 
3.4.4. Fourier transform infrared spectroscopy 
Optical analysis in the IR regime gives very useful bonding information of 
material. For Si alloys, wavenumber range 600 - 2000 cm-1 is termed the “finger 
print region” in which large number of natural frequencies is contained [187]. 
FTIR used in this work relies on an interferometer to obtain the interference 
pattern and subsequent Fourier transformations to obtain the spectrum. 
3.4.4.1. Principle and setup 
FTIR setup consists of an IR source, a Michelson interferometer with a beam 
splitter (BS), two mirrors with one movable and a detector. The IR light with a 
known spectrum S(λ) is split by the BS and reflected by the mirrors. The sepa-
rated beams then recombine on the BS, passing through the sample placed be-
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tween the BS and the detector before being analysed. The movable mirror cre-
ates different interference patterns by constantly changing the path difference 
(x) between the split beams. The sample absorbs at specific wavelengths char-
acterised by its chemical bonding configuration. The time-resolved interference 
patterns (I(x)) for all wavelengths are then Fourier transformed into a spectrum. 
A typical FTIR setup is shown in Figure 3.9. More detailed discussion on FTIR 
can be found in Refs. [188-191]. 
 
Figure 3.9: Setup and working principle of FTIR. The spectrum can be obtained 
by Fourier transformation of the received intensity at various wavelengths. Af-
ter [191]. 
3.4.4.2.  Data analysis 
FTIR in this work is mainly used to observe the change in Si-H and Si-O 
bonding configurations in the passivation film subjecting to different plasma 
conditions. For this purpose, transmission mode, in which IR light passes 
through the sample (Si wafer with film) and the reference (Si wafer without 
film), is applied. The spectra for the passivation film alone are obtained by sub-
tracting the transmission profile of the reference from the sample to eliminate 
the effect of the wafer. For qualitative analysis, spectra of films of interest are 
















I(x) = A/L ∫ S(λ)(1+cos(2πx/λ)dλ
x
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For quantitative analysis on CH and individual bonding concentrations in the 
film, the following relationship is used: 
 𝑁𝑁𝑥𝑥 = 𝐴𝐴𝑥𝑥 � 𝜔𝜔−1𝛼𝛼(𝜔𝜔)𝑑𝑑𝜔𝜔 (3.20) 
where Nx is the density of the Si-Hx mode and Ax is a specific constant to the 
characteristic wavenumber of the mode. In order to convert the density into 
atomic percentage, Equation 3.20 is transformed into: 
 [𝑆𝑆𝑤𝑤𝐻𝐻𝑥𝑥] = 𝑁𝑁𝑥𝑥𝑁𝑁𝑡𝑡𝑑𝑑𝑡𝑡 = 4𝜋𝜋𝐴𝐴𝑥𝑥𝑁𝑁𝑡𝑡𝑑𝑑𝑡𝑡 × 𝑤𝑤𝑥𝑥 × 100 𝑡𝑡𝜕𝜕.%,𝑁𝑁𝑡𝑡𝑑𝑑𝑡𝑡 = 5.2 × 1022𝑐𝑐𝑐𝑐−3 (3.21) 
where ix represents the intensity under the specific peak. With the determination 
of respective bonding concentrations, microstructure factor (R), which is a 
measure of structural disorder [32, 35, 192], is defined as follows: 
 𝑅𝑅 = 𝑑𝑑2100
𝑑𝑑2000 + 𝑑𝑑2100 = [𝑆𝑆𝑤𝑤𝐻𝐻2][𝑆𝑆𝑤𝑤𝐻𝐻] + [𝑆𝑆𝑤𝑤𝐻𝐻2] (3.22) 
The wavenumbers of Si-H and Si-O-H peaks relevant to this work are sum-
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Table 3.2: Bonding types/modes and corresponding wavenumbers investigated 
by FTIR in this work. 
Bonding type 
Mode wavenumber (cm-1) 
Wagging/Rocking Bending Stretching 
Si-O-Si - 810a - 
Si-H(Si3) 640b - 2000-2200c 
Si-H(Si2O) - - 1054d,e 
Si-H(SiO2) - - 1107d,e 
Si-H(SiO3) - - 1156d,e 
(SiH2)n 
- 845f - 
- 883f - 
a Ref. [193] 
b Ref. [194] 
c Ref. [124] 
d Ref. [28] 
e Ref. [195] 
f Ref. [196] 
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 Chapter 4 Investigation of a-Si:H(i) Passivation Layers in 
HET Solar Cells* 
 
4.1. Introduction 
HET solar cells have already achieved an efficiency of 24.7% on a large 
area (101.8 cm2) and a Voc of 750 mV [12]. The efficiency has recently been 
further boosted to 25.6%, by using an all-back-contact scheme [16]. The key 
component in achieving such high efficiencies is the a-Si:H(i) buffer layer in 
between the wafer and the emitter or the BSF [14, 15, 21, 30]. 
State-of-the-art passivation layers in the literature are deposited using RF or 
VHF PECVD, in which the deposition conditions crucially influence the pas-
sivation quality. In addition, the thickness of the buffer layers must be carefully 
chosen to ensure uniform passivation and low electrical resistance, and the op-
tical bandgap must be finely tuned to reduce optical losses as well. 
In this chapter, the passivation quality, hydrogen bonding configuration and 
optical property of a-Si:H(i) layers formed using capacitively coupled plasma-
enhanced chemical vapour deposition (CCPECVD) at various chamber pres-
sures, hydrogen dilution ratios and temperatures, is reported. This research 
serves as a reference for subsequent studies. 
* The main results of this chapter are published in: J. Ge, Z.P. Ling, J. Wong, T. Mueller and 
A.G. Aberle, Energy Procedia 15, 107-117 (2012). 
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4.2. Experimental details 
 a-Si:H(i) layers are symmetrically deposited onto polished 4-inch-diametre 
n-type 3 Ωcm (100) FZ wafers using the parallel-plate cluster tool with the pro-
cessing steps described in Chapter 3. All depositions last 900 seconds (which 
result in film thicknesses in the range of 140 - 185 nm). The following parame-
ters are varied as shown in Table 4.1: (a) chamber pressure in the range of  
33 - 53 Pa; (b) r in the range of 50 - 150 % and (c) temperature in the range of 
150 - 250 ˚C. All samples undergo a 15-minute anneal in an H2 environment at 
180˚C after deposition. 
Table 4.1: Process parameter variation used in this chapter. 
 
The characterisation includes QSSPC, SE (SOPRA, GES), profilometer 
(DEKTAK150), Raman (Renishaw Invia instrument system 2000, grating 1800 
lines/mm, edge 514 nm laser with a resolution of 1 cm-1) and FTIR (Perkin 
Elmer spectrum 400 with a resolution of 1 cm-1). The measurement details are 
described in Section 3.4. 
Sample Pressure (Pa) r (%) Temperature (˚C ) 
1 33 100 250 
2 40 100 250 
3 47 100 250 
4 53 100 250 
5 53 50 250 
6 53 75 250 
7 53 125 250 
8 53 150 250 
9 53 100 200 
10 53 100 150 
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4.3. Results and discussion 
4.3.1. Effect of deposition pressure 
The variation of τeff with respect to the deposition pressure is shown in  
Figure 4.1. A monotonic increase in lifetime with pressure can be observed. 
While the deposition rate reduces when the pressure is increased from  
47 to 53 Pa, the passivation quality of the film increases. It is known that there 
is a certain threshold thickness of a-Si:H(i) passivation at ~50 nm, beyond which 
the effective lifetime saturates, whereas a reduction in lifetime is observed for 
thinner passivation layers [38]. Therefore, for thick samples used (i.e., > 50 nm 
thick) in this work, the increase in passivation quality can be attributed to the 
deposition conditions alone. This conclusion is further verified by the results 
(see Figure 4.1(b)) obtained from a-Si:H(i) films with device relevant thick-
nesses (10 nm) deposited under the same conditions. There is a reduction in 
lifetime for all samples, probably due to the non-uniformity as well as the poorer 
network in thinner samples [120]. Nevertheless, the trend of increasing τeff with 
chamber pressure is still observed. This observation justifies the attempt to op-
timise the passivation quality using thicker films to eliminate thickness related 
second-order effects. In fact, this technique was also widely applied by other 
research groups [39, 197]. 
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Figure 4.1: Corresponding τeff and Eg of a-Si:H(i) layer as a function of chamber 
pressure, for (a) a fixed deposition time of 900 seconds and (b) a layer thickness 
of 10 nm. τeff improvement is observed regardless of film thickness. For thick 
films shown in (a), the passivation quality improvement is solely due to the 
pressure effect. The lines are guides to the eye. 
Eg of the film with respect to the chamber pressure is also illustrated in Fig-
ure 4.1(a). As with τeff, Eg increases monotonically with pressure. However, this 
effect is quite small. It seems that, due to the pressure increase, more H can be 
incorporated into the amorphous network, providing better passivation qual-
ity [198, 199]. Cody et al. [200] reported that Eg of a-Si:H(i) is directly propor-
tional to the H content in the film. Using the empirical relationship, it can be 
deduced that at 33 Pa, the CH is around 18 at.%, while at 53 Pa it is about 21 
at.%. Therefore, more H atoms are available to saturate the recombination cen-
tres and improve the passivation quality. 
CH and its bonding configuration is deduced from FTIR. A fitting of the 
transmission peaks at 2100 cm-1 reveals an SiH2 bonding concentration (see 
Section 3.4.4.2) of 3.8% under 53 Pa and 3.3% under 33 Pa. CH calculated based 
on 640 cm-1 peak is 26 at.% for 53 Pa and 21 at.% for 33 Pa, which are somewhat 
higher than values calculated from Eg. This is probably due to the inaccuracy in 
the empirical formula, or due to the uncertainty in fitting the FTIR results. Nev-
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with respect to deposition pressure, supporting the conclusion that higher CH 
can be reached by using higher pressure. The results from FTIR yield an SiH2 
bonding fraction (over CH) of around 29.2% at 53 Pa and 33% at 250 Pa, which 
are virtually identical. Therefore, the improvement in passivation quality from 
33 to 53 Pa is mainly due to an increase in the amount of H2 incorporated into 
the film, rather than a change in the concentration ratio between the bonding 
configurations. 
4.3.2. Effect of dilution ratio 
The τeff dependence on r is shown in Figure 4.2. As r increases from  
50 to 100 %, τeff increases significantly from 1.2 to 3.66 ms. However, with 
further increases of r to 125 and 150 %, τeff reduces to 1.29 and 1.95 ms, respec-
tively. In order to investigate the reason for τeff change with respect to r, FTIR 
and Raman analyses are carried out. The results are shown in Figure 4.2(b) and 
(c). Comparing Figure 4.2(b) with Figure 4.1, it is observed that CH varies with 
r in a similar manner as τeff, in which CH first increases as r rises from  
50 to 100 %, and then plummets to significantly lower values when r goes be-
yond 100%. Therefore it can be concluded that the improvement of passivation 
quality is due to higher H2 incorporation into the amorphous network. In other 
words, the key to achieving good passivation quality is to improve H content in 
the film while preventing microcrystalline network formation. 
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Figure 4.2: (a) τeff; (b) CH and (c) Xc of a-Si:H(i) as functions of r. τeff and CH 
show clear peaks near 100% H2 dilution, indicating an amorphous to microcrys-
talline transition. High Xc beyond the transition region confirms the crystalline 
nature of the film. The indicated transition region is for reference only. The lines 
are guides to the eye. 
While a moderate increase of r results in an improved passivation quality, 
further increase beyond 100% leads to the opposite effect. This observation has 
already been reported by other researchers [192, 201, 202]. Hao et al. [202] re-
ported that an increase in r leads to an amorphous to microcrystalline transition 
that produces poor passivation quality. The effect of r on the onset of the amor-
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4.2(b), a spike in CH can be observed when r is increased beyond 100%, signal-
ling a transition from amorphous to microcrystalline network. At this point, the 
deposited film is still amorphous, but with the highest CH and the lowest micro-
structure factor [192]. Figure 4.2(c) shows the calculated Xc from Raman meas-
urement. At the onset of the transition, Xc shows an abrupt increase, confirming 
the change from amorphous to crystalline network. Therefore, it can be con-
firmed that the amorphous film deposited at the onset of amorphous to micro-
crystalline transition could provide the best passivation quality due to the opti-
mised film properties. 
4.3.3. Effect of temperature 
As shown in Figure 4.3, τeff reduces from 3.66 ms to only 95 µs when the 
substrate temperature decreases from 250 to 150 ˚C. On the contrary, CH esti-
mated from the empirical formula increases. In this case, the opposite trend of 
the passivation quality to CH is explained by the relative composition of SiH 
and SiH2 bonding present in the network. According to Koch et alia [60], the 
reduction of substrate temperature has an effect of increasing CH in the film. 
However, this increase manifests in a steeper rise in the SiH2 bonding concen-
tration relative to SiH, resulting in a loosened network that hampers film quality. 
From FTIR analysis, when the temperature is reduced from 250 to 150 ˚C, a 
slight shift of the peak position near 2000 cm-1 towards a higher wavenumber 
(2010 cm-1) can be observed. Furthermore, the peak is broadened at lower dep-
osition temperatures. CH at 150˚C is estimated to be about 29 at.%, which is 
only slightly higher compared to the 250˚C case (26 at.%). However, the esti-
mation of SiH2 bonding concentration yields 6.1%, or 43% of the total hydrogen 
content, compared to a mere 29.2% in the case of 250˚C. The result agrees well 
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with the findings by Koch et al. and confirms that the deterioration of pas-
sivation quality is indeed due to the increase in SiH2 bonding concentration over 
the total H2 content. Based on the trends observed thus far, it is concluded that 
the passivation quality of a-Si:H(i) film depends on the concentration of SiH 
bonds and its relative abundance to SiH2 bonds. This is further supported by the 
results from Joen et alia [35]. 
 
Figure 4.3: τeff and CH as functions of deposition temperature. The passivation 
quality reduction at low temperature is due to an increase in SiH2 bond concen-
tration, rather than a change in CH. The lines are guides to the eye. 
4.4. Conclusions 
This chapter aims at optimising the passivation quality of a-Si:H(i) buffer 
layers for application in HET solar cells. By varying the deposition pressure, H2 
dilution ratio as well as the substrate temperature, key performance indicators, 
like τeff, are compared and analysed. Based on the results obtained, several con-
clusions can be reached: 
1. τeff for a-Si:H(i) thin film is a function of CH. In particular, the best pas-
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low SiH2 concentration. The optimal condition can be obtained by tuning 
the chamber pressure and r. 
2. Lowering the deposition temperature tends to raise SiH2 bonding concen-
tration, thus reducing the passivation quality in spite of an increase in CH. 
In fact, the optimal deposition temperature found is about 250˚C, both in 
this work as well as in Ref. [35]. At the same time, high r can induce an 
amorphous to microcrystalline transition, which results in a degradation of 
the film quality. Noticeably, the best possible passivation quality can only 
be obtained at the onset of such transition, when the film still stays at the 
amorphous region. 
3. Good passivation quality on thick a-Si:H(i) is obtained with a maximal life-
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State-of-the-art passivation layers for HET cells are deposited by RF or 
VHF PECVD, often with tight process windows. One heuristic understanding 
is that the best passivation quality of the a-Si:H(i) buffer layer can be obtained 
near the onset of the amorphous to microcrystalline transition, which can be 
brought about by raising r [192]. In the previous chapter, optimisation was per-
formed on thick (> 100 nm) layers. However, such thick films cannot be applied 
to HET solar cells due to high impedance to carrier transport and high optical 
losses. In this chapter, device relevant buffer layers (thickness of 6 ± 0.5 nm) 
are investigated by independently varying substrate temperature, r and process 
pressure. The observed small process window in terms of pressure is further 
examined using optical emission spectroscopy. The goal of this chapter is to 
understand the relationship between layer properties and plasma parameters 
when working close to the phase transition region. In particular, special atten-
tion is paid to the observed small pressure window because of its implications 
on industrial process control. 
5.2. Experimental details 
The a-Si:H(i) thin films are deposited onto both sides of n-type FZ wafers 
using the CCP-powered cluster tool. The thin films are also deposited onto one 
* The main results of this chapter are published in: J. Ge, Z.P. Ling, J. Wong, R. Stangl, 
A.G. Aberle and T. Mueller, J. Appl. Phys. 113, 234310-7 (2013). 
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side of Corning-7059 glass slides for Raman analysis. In this study, the follow-
ing plasma parameters are varied: (a) temperature from 100 to 250 ˚C; (b) r 
from 30 to 300 % and (c) process pressure from 40.0 to 133.3 Pa. The deposition 
time is adjusted such that films under different deposition conditions have min-
imal thickness variations (6 ± 0.5 nm). All samples are annealed in an H2 envi-
ronment at 180˚C for 15 minutes after deposition. 
The characterisation techniques used are similar to those described in Sec-
tion 4.2, except that Eg obtained from Tauc method is cross checked with those 
estimated from TL model. Crystallinity obtained in Bruggeman’s EMA model 
is compared with Xc from Raman analysis to account for any morphological 
change due to substrate difference. In order to relate film quality to the plasma 
process, in-situ OES (Ocean Optics) is applied in the pressure series. The optical 
emission peaks of interest are the Balmer Hα line (656.3 nm) and the SiH* lines 
(integrated intensity from 409 nm to 423 nm after subtracting H2* background 
obtained from a pure H2 ignition under the same condition) [203-205]. The peak 
intensity of these lines reported in this study is averaged across the deposition 
duration for each experiment. 
5.3. Results and discussion 
5.3.1. Temperature dependence 
Figure 5.1 shows the dependence of τeff on temperature. A monotonic in-
crease in passivation quality with respect to temperature is observed, while 
keeping r and pressure at 100% and 66.7 Pa, respectively. All samples show an 
improvement in lifetime after annealing, evidencing the absence of epitaxial 
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growth for the temperature range used [130]. The improved lifetime with tem-
perature can be explained by a reduced microstructure factor [32, 35]. As the 
temperature increases, R reduces as a result of thermal relaxation. Since SiH2 
bond is known to increase the density of micro-voids and other defects in the 
film, its diminishment has a beneficial effect on the film’s passivation quality. 
It is noted that some groups [31, 206] reported an improved surface passivation 
with post-deposition H plasma treatment despite the increase of R. This pheno-
menon can be attributed to the greatly increased CH after plasma treatment, 
which diffuses into the interface upon annealing. The improvement of τeff then 
cannot be solely explained by the bonding configuration in the amorphous struc-
ture. It is also reported that the lifetime reaches saturation or even displays a 
reducing trend when the temperature is raised [47, 207]. Yet, it is well under-
stood that the optimal deposition temperature is rather process and equipment 
dependent [47, 61, 208], and the saturation is only observed after prolonged 
post-deposition anneal [47]. In this study, however, long-time annealing is 
avoided in order to be compatible to industrial application, and 250˚C is the 
heating limit of the equipment. Furthermore, the observed temperature depend-
ence in the present study is in good agreement with Chapter 4 and other pub-
lished works [35, 61, 209]. Therefore, in subsequent investigations, the deposi-
tion temperature is kept at 250˚C unless otherwise stated. 
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Figure 5.1: As-deposited and annealed τeff as functions of deposition tempera-
ture. The lines are guides to the eye. 
5.3.2. Dilution ratio dependence 
The dependence of the passivation quality on r after annealing is illustrated 
in Figure 5.2(a). A peak can be observed in the range from 100 to 150 %. Again, 
the increase of lifetime after annealing confirms the absence of epitaxial growth. 
In this work, Xc and Eg obtained on glass and wafer samples are quite close, 
confirming the comparability of the results on different substrates. The change 
in Xc and Eg confirms the onset of phase transition in this dilution range. As 
shown in Figure 5.2(b), Eg stays almost constant at 1.7 eV for all r up to 150%. 
A further increase results in a collapse of Eg, signalling a transition from largely 
amorphous to microcrystalline phase. This is confirmed by Xc in Figure 5.2(b), 
which shows an abrupt increase from 15 to 55 % when r increases from  
150 to 300 %. The term “largely amorphous” is used to account for the non-
zero Xc at low r. Although an r around 100% might seem low compared to other 
reported studies concerning the phase transition [192, 202, 210, 211], the dif-
ference could be due to the different plasma reactor design and the RF power 
used. Furthermore, the range of r that triggers the transition in the present study 
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agrees well with Chapter 4 on thick films and is close to the values reported by 
Kim et alia [201]. It should also be noted that the sharp τeff peak is not com-
monly observed when varying r [212, 213]. It is attributed to the large change 
in CH of the film when working close to the transition region. Similar CH varia-
tion has been observed in works from Kroll et al. [192] and Ge et alia [214]. 
Therefore, in subsequent studies, r is chosen as 100% unless otherwise stated. 
 
Figure 5.2: (a) Annealed τeff and (b) Xc (from Raman and EMA model) and Eg 
(from Tauc method and TL model) as functions of r. τeff peaks at 100 - 150 % 
dilution, which corresponds to the phase transition region judging from Xc and 
Eg values. The lines are guides to the eye. 
5.3.3. Pressure dependence 
With the deposition temperature and r fixed at 250˚C and 100%, respec-
tively, a scan in pressure ranging from 40.0 to 133.3 Pa is carried out with τeff 
values summarised in Figure 5.3(a). A sharp peak of 1.5 ms centred at around 
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as reflected in a sharp reduction in τeff. Interestingly, the process window in 
terms of pressure variation is very narrow. A high-quality film is only achieva-
ble within a pressure range of 13.3 Pa. As the key layer to ensure a high Voc in 
HET solar cells, such a narrow process window implies the necessity for ex-
treme care in process and quality control. It should be noted that such a small 
process window is not commonly reported in the literature. In Chapter 4 and 
report from other group [215], the passivation quality improves with pressure 
due to higher CH and less structural defect. However, it is also noticed that in 
the previous chapter, a-Si:H(i) films are much thicker than those in this study. 
In Ref. [215], Kim et al. used a very different VHF plasma source with a much 
higher r. The specific combination of process chamber geometry and plasma 
conditions might have an impact on the unique process window. Therefore, it is 
worthwhile investigating the reason for such a small process window. 
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Figure 5.3: (a) Annealed τeff; (b) Xc and E0 and (c) OE intensity of Balmer Hα, 
SiH* lines, and their ratio as functions of pressure while keeping the tempera-
ture at 250˚C and the dilution ratio at 100%. A narrow process window with a 
peak in τeff, valley for Xc, E0 and Hα/SiH* ratio is observed. The growth mecha-
nism in Region I is governed by the surface diffusion model, while that for Re-
gion II is controlled by the H etching model. Good passivation quality obtained 
in the process window is the result of a delicate balance between Hα/SiH* ratio, 
ion bombardment and the composition of radicals that participate in the film 
growth. The three regions separated by vertical dotted lines are defined for the 
sake of a clear presentation only. The lines are guides to the eye. Lifetime values 
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Figure 5.3(b) shows the measured Xc. According to its distribution, the pres-
sure range is divided into three parts: a low-pressure region (Region I), the pro-
cess window and a high-pressure region (Region II), as outlined in Figure 5.3. 
It is observed that the best passivation quality within the process window is 
obtained when Xc is low (9.6%) and the film is largely amorphous (or transition 
microcrystalline due to some crystallinity in Raman measurement). Once out-
side the process window, Xc increases sharply to as high as 70%, signalling the 
transition into other kinds of microcrystalline phase with different characteris-
tics. Comparing with Figure 5.3(a), τeff appears to be inversely related to Xc. This 
is consistent with the well-known concept that an amorphous film is much more 
suitable as a passivation layer compared to its microcrystalline counterpart, due 
to higher CH to saturate the interfacial dangling bonds. 
The calculated E0 by fitting the ellipsometry data to the Cody-Lorentz 
model [216] is also shown in the same graph. Comparing with Xc, strong posi-
tive correlation is observed between them. As E0 is an indicator of structural 
disorder [99], a correlation with Xc implies an increase of bonding related de-
fects when the film crosses over into other microcrystalline regimes. Therefore, 
the low τeff outside the process window is not only caused by a lower CH, but 
also due to an increase in bonding related defects introduced during the deposi-
tion process. Note that the best E0 (165 meV) in this investigation seems much 
higher than the typical values (~50 meV, see Section 2.2.1.1) reported in the 
literature for high-quality a-Si:H(i) buffer layers [32, 216-218]. This could be 
related to a very low thickness of around 6 nm, compared to the typically re-
ported thickness (> 50 nm) [218]. It is also noted that Schulze et al. [32, 217] 
have obtained an E0 in between 40 to 70 meV with about 10 nm a-Si:H(i) on Si 
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wafer. The discrepancy can be attributed to a substrate difference. The growth 
mechanism and therefore the property of a-Si:H(i) film can be different on (111) 
(Schulze et al.) and (100) (this work) Si surface. Most importantly, the men-
tioned group has achieved an excellent surface passivation using 10 nm a-Si:H(i) 
film with more than 4.5 ms. The large difference in the passivation quality could 
be the main reason for the difference in measured E0. Nevertheless, E0 trend 
obtained in this work is comparable due to similar deposition conditions. 
In order to understand the abrupt change in film property within such a small 
pressure window, film growth and defect formation mechanism is studied with 
the support from OES. Data from OES measurements are presented in Figure 
5.3(c). Two OES peaks from SiH4 and H2 in the glow discharge, namely SiH* 
and Hα, are investigated in detail. With constant electron temperature (Te) ob-
served in the pressure range, the intensity of these two peaks are used to monitor 
the relative concentration of SiHx (x = 1, 2, 3) radicals and H atoms [203, 205, 
219-222] during the plasma process. It can be observed that in Region I, where 
the pressure is relatively low, the intensity ratio Hα/SiH* is over 6. The large 
amount of H atoms compared to SiH* radicals ensures a complete surface cov-
erage. This condition favours microcrystalline growth according to the well-
known surface diffusion model [223-225]. Adsorbed SiHx precursors can dif-
fuse across the growth surface until they find energetically favourable sites and 
contribute to a microcrystalline network. The extremely low intensity of SiH* 
emission in this regime can be explained by a low residence time (defined by  
t = pV/F, where p is the pressure, V is the chamber volume and F is the total 
flow rate) of SiH4 molecules in such a low-pressure condition, which leads to a 
reduced consumption rate of this precursor [226]. Indeed, when the pressure is 
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subsequently increased from 40.0 to 66.7 Pa, the SiH* emission intensity in-
creases at an increasing rate, which is a combined effect of increased SiH4 par-
tial pressure and consumption rate. The higher E0 in Region I might be due to 
strong ion bombardment in low-pressure condition, as the mean free path of the 
energetic ions is longer. Since the ion energy depends on the magnitude of the 
DC bias, the extent of the ion bombardment can be approximated by monitoring 
the DC bias [227] during the plasma process, as shown in Figure 5.4. The in-
creasing DC bias with reducing pressure supports the explanation of ion bom-
bardment induced damage in Region I. At the same time, longer mean free path 
of the deposition precursors (SiHx) in low-pressure condition contributes to an 
increased deposition rate as compared to high-pressure conditions. 
 
Figure 5.4: DC bias and deposition rate as functions of pressure. Both quantities 
reduce with increasing pressure, indicating less ion bombardment and longer H 
diffusion time during the deposition. The three regions defined are identical to 
those in Figure 5.3. The lines are guides to the eye. 
 With an increase in pressure, Figure 5.3(c) indicates a steady increase of H 
atom concentration inside the plasma. However, due to the increase in SiH4 con-
sumption rate as discussed earlier, Hα/SiH* ratio drops from 6 to 4.6 at 66.7 Pa. 
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The reduced H coverage increases the number of surface DB sites that an inci-
dent SiH3 radical can attach to. Unlike the case in Region I, adsorbed SiH3 pre-
cursor can be easily captured by these sites, creating a transition microcrystal-
line network [223] with a suppressed H diffusion. Therefore, the reduction in 
Hα/SiH* ratio can be considered an indicator to the transition due to the reduced 
H coverage [210]. Beyond 66.7 Pa, the increase of SiH* intensity slows down 
while Hα keeps increasing, resulting in a rise in Hα/SiH* ratio again. The rela-
tively stable SiH* emission in the process window can be attributed to a gas 
phase reaction between the dissociated species with SiH4 molecules, which ef-
fectively suppresses the increase in deposition precursor concentration in this 
pressure regime. The relatively low E0 associated with films inside the process 
window is due to a reduced ion bombardment. The reduced deposition rate 
could also improve the chemical passivation due to an improved H diffusion 
inside the film [228]. Therefore, high-quality passivation is obtained in this pro-
cess window due to a transition microcrystalline network with less defects. 
When the pressure is further increased into Region II, SiH* emission inten-
sity is observed to increase due to longer SiH4 residence time that leads to a high 
consumption rate. There is a large increase in Hα emission when the pressure is 
increased from 80.0 to 106.7 Pa, which leads to an increased Hα/SiH* ratio up 
to 6.4. The increase is probably due to a more effective dissociation from H2 
and SiH4 molecules under high-pressure condition. Comparing Hα/SiH* ratio in 
Region II to that in Region I, the transition into another microcrystalline regime 
could be explained by the similar surface diffusion model. However, it is no-
ticeable that the absolute Hα emission intensity in Region II is 3 - 4 times higher 
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than that in Region I. As this emission intensity is proportional to the total dis-
sociated H atoms in the plasma, one would expect a large increase in H etching 
effect due to a large H atom flux at the growing surface. Incident H atoms attack 
the weak and strained Si-Si bonds, breaking them and leaving behind unsatu-
rated Si sites, which can be subsequently filled by incoming SiH3 precur-
sors [223, 229]. This process leads to the formation of rigid Si-Si bonds. As H 
etching rate is much higher for amorphous than for microcrystalline phase [230], 
the result of an increased H atom flux is to selectively remove amorphous ma-
terial and to replace with microcrystalline material. Therefore, a microcrystal-
line film with a different characteristics compared to Region I and the process 
window is formed in Region II under a high Hα/SiH* ratio. The etching model 
proposed in the high-pressure region is further confirmed by the deposition rate 
shown in Figure 5.4. The increase in Hα/SiH* ratio leads to a reduced deposition 
rate as the etching rate becomes higher. An increase in E0 in Region II is not 
directly related to ion bombardment. As shown in Figure 5.4, the DC bias de-
creases monotonically with increasing pressure. Therefore, film quality in Re-
gion II is expected to be the best if only ion bombardment is concerned. The 
contradiction can be explained by the possible polymerisation (or dust for-
mation) of the dissociated species in a relatively high-pressure plasma, as evi-
denced from the brownish dust formed on parts of the substrate carrier under 
this condition. The participation of these long-chained species in film growth 
deteriorates the film quality. Of course, lower CH in the resultant microcrystal-
line film is a key reason for the reduced passivation quality as well. 
Although Hα/SiH* ratio was used by several groups [219, 220, 222] as an 
indicator for microcrystalline growth, it was usually tuned by changing r. In this 
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study, however, r is maintained constant throughout all experiments in the pres-
sure series, and yet significant changes in Hα/SiH* ratio are still observed under 
different pressures. With the determination of E0, Xc, deposition rate, and DC 
bias, film growth mechanisms have been proposed to account for the passivation 
quality changes. The observed extremely small process pressure window is a 
transition microcrystalline state that separates other two microcrystalline re-
gimes characterised by H diffusion and H etching models. It is therefore the 
result of a delicate balance between Hα/SiH* ratio, ion bombardment and the 
composition of the radicals that participate in film growth. In order to investi-
gate the impact of the onset of amorphous to microcrystalline transition on the 
observed process window, experiments similar to the discussed pressure series, 
but with a much lower r (30% in this case) to ensure a largely amorphous growth, 
are performed. The results are summarised in Figure 5.5. It is clear that the pas-
sivation quality does not quite depend on the pressure, as compared to the films 
deposited with higher r. Figure 5.5(b) shows the measured E0 and Xc of the in-
vestigated films. Both quantities show little dependence on pressure, while the 
correlation between them is still observable. OES measurements are performed 
with results of Hα/SiH* ratio illustrated in Figure 5.5(c). The ratio shows a rel-
atively constant trend throughout the whole pressure range, with an average 
value of 3.4. The relatively low Hα/SiH* ratio compared to that in the previous 
pressure series is due to a much reduced r, which reduces H2 partial pressure in 
the plasma significantly. The absence of the small process pressure window 
confirms the uniqueness of the delicate balance when working close to the onset 
of the amorphous to microcrystalline transition. Indeed, it is necessary to finely 
109 
Chapter 5 Analysis on Process Pressure Window of a-Si:H(i) Passivation 
Layer 
control the deposition conditions of the a-Si:H(i) buffer layer, as the best pas-
sivation quality demands a deposition close to the transition region [64]. 
 
Figure 5.5: (a) Annealed τeff; (b) Xc and E0 and (c) OE intensity ratio as functions 
of pressure, while keeping the dilution ratio at 30%. No clear process window 
is observed when moving away from the onset of the phase transition in this 
case. The lines are guides to the eye. 
5.4. Conclusions 
In this chapter, an investigation into CCP-deposited a-Si:H(i) thin films as 
passivation layers in HET solar cells is performed. In particular, a very narrow 
process pressure window is observed with respect to the film’s passivation qual-
ity. With the determination of E0 and Xc, it is concluded that the small process 
window is a result of a transition microcrystalline state that separates two other 
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Layer 
The growth mechanisms at various pressure ranges are proposed with the sup-
port from OES. It is discovered that the Hα/SiH* ratio is the main indicator that 
reflects the film properties and the small process window. A separate series of 
experiments confirms that such a small process pressure window is only signif-
icant when working close to the onset of the amorphous to microcrystalline tran-
sition. Therefore, it is necessary to carefully control the plasma parameters when 
depositing a-Si:H(i) passivation layers near the transition region. For each r, the 
pressure must also be carefully readjusted because film growth can be as well 
affected by a pressure variation, besides a variation in r. 
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6.1. Introduction 
Conventional surface passivation schemes of c-Si solar cells consist of ther-
mal SiO2 [54], PECVD a-SiNx:H [55-57, 231] and a-Si:H(i) [14, 15, 26] layers. 
Thermally grown SiO2 is a well-established passivation scheme for c-Si wafers. 
However, such a passivation layer requires a high thermal budget (over 900˚C 
for extended periods of time), which is not compatible with thin wafers and 
high-throughput production. Furthermore, SiO2 passivated c-Si surfaces suffer 
from long-term ultraviolet (UV) instability. Therefore, mainstream passivation 
scheme in HET solar cells uses low-temperature-processed PECVD a-SiNx:H 
and a-Si:H(i) thin films. As a buffer layer, a-SiNx:H has several drawbacks: (a) 
the passivation quality of this Si-rich layer strongly depends on wafer doping 
type and concentration; (b) the optical loss in the UV region is very high, thus 
reducing the photogeneration in the bulk and (c) the etching rate is extremely 
low, therefore limiting its application in advanced contact structures for solar 
cells. PECVD a-Si:H(i) has attracted interest as a passivation scheme in HET 
cells in recent years [14, 26]. It is also demonstrated in the previous chapters 
that good surface passivation can be obtained. However, in order to achieve 
high-quality passivation, a-Si:H(i)/c-Si interface must be atomically abrupt [40]. 
Moreover, a-Si:H(i) must be deposited near the amorphous to microcrystalline 
* The main results of this chapter are published in: J. Ge, M. Tang, J. Wong, T. Dippell, M. Do-
err, O. Hohn, M. Huber, P. Wohlfart, A. G. Aberle and T. Mueller, Int. J. Photoenergy 2014, 1-
12 (2014). 
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transition region in order to achieve the best passivation quality [64, 192]. Yet, 
slightly higher temperature may lead to epitaxial layer formation and severely 
hamper the passivation quality [40]. When depositing near the said transition 
region, the delicate balance among species in the plasma imposes another chal-
lenge in process optimisation [27] (see Chapter 5). Furthermore, the inherent 
strong absorption in short wavelength region limits the maximal thickness of  
a-Si:H(i) thin films that can be applied in HET solar cells without introducing 
excess optical losses.  
PECVD a-SiOx:H(i) thin films are emerging as an alternative to replace 
a-Si:H(i) as surface passivation material in HET solar cells. Its excellent pas-
sivation quality and optical properties have been demonstrated by several 
groups in recent years [28, 34, 36, 39, 232]. Notably, Mueller et al. [34, 39, 233, 
234] showed a record passivation quality using a direct CCP system. The re-
ported optical loss is also much lower than that of a-Si:H(i), proving promising 
potential of a-SiOx:H(i) as a front passivation layer. However, in order to 
achieve state-of-the-art passivation level, the mentioned group used a VHF  
(70 - 110 MHz) source and prolonged annealing process, which can be difficult 
to implement in industrial production. Furthermore, direct CCP introduces extra 
damage to the wafer surface, thus limiting the film’s passivation potential. 
In this chapter, an alternative method of depositing a-SiOx:H(i) thin films is 
presented using a remote ICP reactor operating at conventional frequency 
(13.56 MHz). It is well known that very high density plasma can be produced 
in an ICP system with low and narrowly distributed particle energy compared 
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to CCP [29, 38, 67], and the wafer surface is less influenced by the plasma con-
dition by keeping the substrate from the plasma region in a remote system. 
Therefore, the passivation quality of a-SiOx:H(i) can be further improved with 
reduced process time. In this study, optimisation of a-SiOx:H(i) is carried out in 
terms of passivation quality on solar-grade wafers. The influence of χo and tem-
perature on the passivation quality will be investigated in detail. 
6.2. Experimental details 
 The a-SiOx:H(i) thin films are fabricated by decomposing SiH4, H2 and CO2 
in the SINGULAR-HET. The details of this system can be found in Section 
3.3.3.3. The c-Si absorbers used in this study are solar-grade planar 160 µm 
thick 6-inch-wide Cz wafers with crystal orientation of (100). The choice of 
these n-type 1 Ωcm Cz wafers is based on the applicability to industrial HET 
solar cell fabrication. The passivation film thickness is about 20 nm (except for 
the results shown in Section 6.3.1). Thermal annealing is avoided in this study 
so that the process is industrially compatible. The details of characterisation 
techniques can be found in Section 4.2, except for the specifications of the FTIR 
setup (500 - 4000 cm-1 with resolution of 2 cm-1). In order to quantify the atomic 
concentration of C and O under different χo, time of flight secondary ion mass 
spectroscopy (TOF SIMS) is conducted on selected samples using a 25 keV Bi+ 
beam with a current of 1 pA on a 80×80 µm2 spot size. The sputtering is per-
formed using a 1 keV Cs+ gun with a current of 8 nA on a 250×250 µm2 area. 
Data are presented in both absolute atomic concentration and percentage over 
the host Si atoms. For percentage determination, standard atomic concentration 
of c-Si is used (5×1022 cm-3) without considering the concentration change in 
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amorphous material. This is justified by the negligible density change in amor-
phous Si reported by Smets et al. [97] and Remes et al. [235, 236] under differ-
ent CH. The variation of plasma parameters used in this chapter is summarised 
in Table 6.1. 
Table 6.1: Plasma parameter variation used in this chapter. 
Plasma parameter Value/Range 
Power 750 W 
Deposition time 1 - 60 seconds 
H dilution ratio (r) 100% 
CO2 partial pressure (χo) 0 - 22 % 
Deposition temperature 50 - 400 ˚C 
 
6.3. Results and discussion 
6.3.1. Effect of deposition time 
The investigation first focuses on the deposition rate of a-SiOx:H(i) in the 
ICP system in order to determine the thickness of film on which further optimi-
sation shall be carried out. The results are shown in Figure 6.1. 
 
Figure 6.1: a-SiOx:H(i) thin film thickness as a function of deposition time. The 
thickness is obtained from SE fitting. A constant deposition rate is observed for 
all samples in this series. The line is a guide to the eye.  
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A linear relationship between thickness and deposition time is observed, 
demonstrating a stable and robust deposition process for all samples. The non-
zero interception at zero deposition time can be attributed to the fluctuating 
plasma condition and the nucleation at plasma ignition. A deposition rate of 
about 7 Ås-1 can be deduced from the slope of the linear fit. The same linear 
growth was also reported by Pysch et al. in a different ICP system for a-Si:H(i) 
deposition [33]. Notably, the relatively high deposition rate can greatly reduce 
the deposition time needed in device manufacturing. For a typical surface pas-
sivation layer of 5 nm or below, 1 - 2 seconds of deposition is sufficient, thus 
largely enhancing the throughput. 
The relationship between surface passivation quality and film thickness is 
then explored and presented in Figure 6.2. 
 
Figure 6.2: τeff as a function of film thickness. τeff saturation is observed after  
20 nm film deposition. The line is a guide to the eye.  
It can be observed that the passivation quality increases rapidly at low film 
thicknesses. The improvement slows down after a film thickness of 10 nm and 
then saturates after 20 nm. The saturation of τeff in terms of film thickness can 
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be attributed to the reduction of interfacial defect density due to a better network 
and surface coverage. This saturation effect was reported in the literature on 
different passivation materials [34, 38]. Further increase in film thickness can 
only provide marginal improvement on the passivation quality, with the possi-
ble risk of inducing morphological change in the film (see Section 6.3.3.3). 
Therefore, the film thickness is controlled at about 20 nm in this analysis to 
ensure lifetime saturation. Such a thickness avoids second-order effects that dis-
tort the actual passivation quality of the film, while maintaining the minimal 
process time. At the same time, the similar film thickness ensures fair compar-
ison on the passivation quality across different plasma settings. 
6.3.2. Effect of χo 
6.3.2.1. Passivation quality 
While fixing the film thickness at about 20 nm, a scan on CO2 partial pres-
sure is performed. Other plasma parameters are kept constant in this section. By 
varying the concentration of CO2 in the plasma, compositional change that af-
fects the passivation quality is expected. The lifetime results are illustrated in 
Figure 6.3. 
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Figure 6.3: τeff as a function of χo while keeping other deposition conditions 
constant. A lifetime peak is observed at CO2 partial pressure of 10%. The line 
is a guide to the eye.  
It is shown that the increase in CO2 partial pressure up to about 10% im-
proves the passivation quality. Any increase beyond the optimal amount deteri-
orates the lifetime. The relatively low lifetime in the figure is due to non-opti-
mised wafer temperature in this series. However, it should be noted that only a 
small amount of CO2 is needed to greatly improve the passivation quality, as 
compared to a-Si:H(i) (denoted by 0% partial pressure in the same figure). It is 
also interesting to notice that the optimal CO2 partial pressure in the ICP system 
is only about half of what was reported by Mueller et alia [34, 39]. The differ-
ence could be a strong indication to different plasma chemistry and reactor de-
sign. The initial improvement of lifetime with respect to CO2 flow rate can be 
explained by the increase of CH in the film. Higher CO2 partial pressure in the 
plasma incorporates higher O content. As H atoms can easily bond to Si atoms 
that are back bonded by O atoms [237], higher CH is expected due to O inclusion. 
Indeed, this argument will be supported by FTIR spectra and H content meas-
urements in Section 6.3.2.2. 
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Once beyond the optimal point, lifetime starts to reduce with increasing CO2 
flow rate. Several groups [34, 39, 232] attributed this phenomenon to increasing 
defect density due to higher C impurity concentration in the film. Considering 
similar CO2 partial pressure used by Mueller et al. and Hoex et al. compared to 
this work, higher impurity incorporation can be regarded as one of the reasons 
that cause lifetime degradation at a higher CO2 flow rate in this study as well. 
However, by examining FTIR spectra and bonding configuration under differ-
ent CO2 flow conditions, it can be concluded that the reduction of CH at higher 
O concentration is a key reason for the degradation. TOF SIMS analysis also 
reveals that the concentration of C atoms in a-SiOx:H(i) is quite low even at the 
highest χo used in this work. 
6.3.2.2. Bonding configuration analysis 
In order to further investigate the influence of CO2 partial pressure on the 
film property, FTIR analysis is carried out. The results are shown in Figure 6.4. 
Note that, for all samples, the contribution from the O-H bonding group is not 
observable, which is similar to other a-SiOx:H(i) thin films reported in the liter-
ature [28, 195, 232]. The Si-C or C-H bonding configuration is also not clearly 
visible in the spectra, due to the extremely small inclusion of C atoms in the 
film [238, 239]. 
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Figure 6.4: FTIR transmission spectra of a-SiOx:H(i) films under different χo. 
Higher O content in the film is observed with increasing CO2 partial pressure, 
with Si-H(SiO2) being the dominant bonding configuration. CH increases with 
O content at first due to O-facilitated inclusion, but reduces beyond the optimal 
χo due to O-induced effusion. Doublet at 845 cm-1 and 890 cm-1 shows evidence 
of low-temperature processing. The vertical lines are guides to the eye. 
From Figure 6.4, it can be observed that the Si-O-Si stretching peak intensity 
increases with χo. The observed small peak for the spectrum with zero CO2 flow 
is probably due to the thin native oxide grown on the wafer during transfer. 
Assuming a proportional peak intensity to O concentration in the film [196, 
240], it can be concluded that the film contains higher O content with increasing 
CO2 flow. It is interesting to observe that the Si-O-Si stretching peak at 1107 
cm-1 becomes more significant with higher χo compared to that at 1053 cm-1. 
Jana et al. [195] and Zhou et al. [28] associated these peaks to Si-H(Si3-nOn) 
with n = 2 and 1, respectively, according to the random bonding model [241]. 
The increasing peak intensity at 1107 cm-1 indicates an increase in Si-H(SiO2) 
bonding concentration. The shift of overall Si-O-Si stretching mode towards a 
higher wavenumber is also an indication of higher O content in the film [242, 
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243]. Therefore, high O content and higher order Si-O-Si bonding configuration 
is resulted from high CO2 flow condition. The highest O bonding configuration 
at 1156 cm-1 reported by the mentioned groups is not clearly observed even at 
over 20% CO2 partial pressure, indicating that Si-H(SiO2) is the dominant bond-
ing configuration in the χo range used in this study. Notably, two sharp peaks 
appear at 845 cm-1 and 890 cm-1, which are not commonly observed in  
a-SiOx:H(i) spectra. This doublet is associated to the polymer chain, (SiH2)n, in 
the film. The appearance of such a doublet is an indicator of low process tem-
perature [196]. Therefore, the lifetime result in this section is not optimised. The 
optimisation of process temperature will be carried out in Section 6.3.3. 
The peaks at 640 cm-1 and 2000 cm-1 denote the Si-H rocking/wagging and 
stretching modes, respectively. Total H content and bonding configuration can 
be deduced from these peaks. The results are shown in Figure 6.5. 
 
Figure 6.5: CH and R as functions of χo. CH displays a peak at about 10% CO2 
partial pressure while R is insensitive to χo variation. The lines are guides to the 
eye. 
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It can be observed that CH inside the film increases with χo. Comparing with 
Figure 6.4, the increase can be regarded as the result of an increasing O content 
in the film at a higher CO2 flow rates. At the same time, increasing O incorpo-
ration does not significantly affect the microstructure factor. Therefore, the im-
provement in passivation quality is mainly due to the increasing amount of H 
atoms that can saturate the interfacial dangling bonds. Indeed, when O content 
is further increased beyond the optimal point, CH starts to decrease, leading to a 
reduction of τeff. The reduction of CH could be due to the increased H effusion 
rate at low temperature as a function of O content in the film. The O cluster 
formed at higher χo induces a void-rich network and promotes the effusion of H 
atoms [244, 245]. Same fluctuation and reduction in H content with increasing 
O content was also observed by Janotta et al. [237] and Yun et alia [240]. The 
direct dependence of the passivation quality on CH indicates that, besides impu-
rity incorporation, CH in a-SiOx:H(i) still dominates the passivation quality, 
which can be adjusted by χo. The same dependence on CH is also widely ob-
served in a-Si:H(i). However, higher passivation quality in a-SiOx:H(i) comes 
from the fact that it has a much higher CH (> 20 at.% in this case) compared to 
that in a-Si:H(i) (12 - 14 at.%) [34, 246]. 
6.3.2.3. Film composition analysis 
In order to obtain more insight into the elemental composition of a-SiOx:H(i) 
films deposited at various χo, TOF SIMS analysis is carried out to quantify the 
depth-resolved concentration of C and O. The results are shown in Figure 6.6. 
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Figure 6.6: Depth-resolved (a) O and (b) C concentration obtained from TOF 
SIMS. The respective elemental content in a-Si host is calculated based on the 
standard c-Si atomic concentration. Both O and C concentration shows an in-
creasing trend with respect to CO2 partial pressure during deposition. The high-
est C content achievable in this work is about 0.1 at.%. 
Similar to the result obtained by FTIR in Section 6.3.2.2, O concentration 
increases with CO2 partial pressure (see Figure 6.6(a)). The highest O concen-
tration achieved in this work is about 7×1020 cm-3, which agrees well with 
Mueller et al. [34] at a similar CO2 partial pressure. It should be noted that the 
uneven distribution of O content throughout the film could be related to the 
specific depth resolution of the SIMS technique used in this work. The short 
deposition duration might also cause such an observation.  
Figure 6.6(b) shows the change in C impurity concentration at different χo. 
C concentration increases about one order of magnitude for a CO2 partial pres-
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result obtained by Mueller et alia. This could be due to the difference in plasma 
chemistry and reactor design. Nevertheless, the highest C content in the film is 
only about 0.1 at.%, and it is not sensitive to the change in CO2 partial pressure. 
Therefore, the change of H content in the film is the main reason for the change 
of the passivation quality, as concluded in the previous sections. 
6.3.3. Effect of process temperature 
6.3.3.1. Passivation quality 
In Section 6.3.2.2, it is shown that the used process temperature is below the 
optimal value. Therefore, a scan in process temperature while fixing film thick-
ness at 20 nm and χo at optimum is performed. Other plasma parameters are kept 
constant. The result for temperature dependent passivation quality is shown in 
Figure 6.7. 
 
Figure 6.7: τeff as a function of process temperature. A relatively large process 
window is observed, that makes the a-SiOx:H(i) films less sensitive to the dep-
osition temperature. The line is a guide to the eye. 
The process temperature window of a-SiOx:H(i) in the ICP system seems 
very wide compared to a-Si:H(i) thin films [40]. For a very broad temperature 
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range (> 200˚C), the lifetime stays above 1 ms, demonstrating a very stable pro-
cess with the suppression of epitaxial formation [28, 41] by a-SiOx:H(i) thin 
film . The peak average lifetime in this case is about 4 ms. The fluctuation in 
lifetime may be due to substrate difference and difficulty in temperature control. 
The excellent passivation quality is mainly due to a very high H content at the 
optimal condition, which will be demonstrated in Section 6.3.3.2. 
The initial increase of lifetime is due to a better bonding structure benefited 
from thermal relaxation [32, 35]. Once beyond the optimal temperature, the life-
time reduces as a result of H effusion. Indeed, 300˚C seems to be the optimal 
process temperature in this ICP system, which agrees with the H effusion tem-
perature reported in the literature [34, 247]. The slightly lower effusion temper-
ature in this work is probably due to the difference in material and deposition 
technique. The reduction in CH is the cause of the deteriorated passivation qual-
ity due to insufficient interfacial dangling bond saturation. 
6.3.3.2. Bonding configuration analysis 
In order to understand the temperature dependence of a-SiOx:H(i) pas-
sivation, FTIR analysis is carried out. The results are illustrated in Figure 6.8. 
The main features on the FTIR transmission spectra are similar to those shown 
in Section 6.3.2.2. 
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Figure 6.8: FTIR transmission spectra of a-SiOx:H(i) films with different pro-
cess temperatures. O in the film tends to be bonded in a higher order configura-
tion with increasing temperature. The diminishing peak at 640 and 2000 cm-1 
indicates the effusion of H atoms. The disappearance of the doublet at  
845 and 890 cm-1 indicates the optimised temperature. The vertical lines are 
guides to the eye. 
The intensity change in Si-O-Si stretching mode peaks with respect to the 
process temperature is not evident, indicating a roughly constant O content in 
the film throughout the temperature range used. This is reasonable as χo is kept 
constant in this series. However, the shift of O bonding structure to higher order 
(Si-H(SiO2)) is more prominent in this temperature series compared to the pre-
vious sections, as evidenced from the heightening and sharpening of the peak at 
1107 cm-1. It seems that the process temperature and χo has similar effect in 
altering the bonding configuration inside the film. The shift of Si-O-Si stretch-
ing peak position at a high temperature was also observed by Yun et al. [240] 
and is caused by the disproportionation of the reaction chemistry of a-SiOx:H(i) 
into a more oxygen-rich suboxide. 
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In order to find the direct reason for the improved lifetime with respect to 
temperature, CH and R are calculated. The results are illustrated in Figure 6.9. 
 
Figure 6.9: CH and R as functions of temperature. CH displays a gradual reduc-
tion with a plateau over a large span of temperature, resulting in good lifetime 
with a wide process window. The lines are guides to the eye. 
 CH at low temperature is over 30 at.%, indicating a void-rich network with 
a dominating Si-H2 bonding configuration. The defective network is also evi-
dent from the strong (SiH2)n doublet peaks at 845 and 890 cm-1, similar to those 
observed in Section 6.3.2.2. With increasing temperature, CH reduces in a non-
linear behaviour, showing a plateau over a wide range of temperature. At the 
same time, the intensity of the doublet reduces, indicating a better network 
structure at elevated temperature. On the other hand, R reduces in a linear man-
ner, indicating a better a-SiOx:H(i) network with less H clusters and micro-
voids [32, 35]. The combination of a high CH due to slow H depletion and an 
improved amorphous network results in an excellent passivation quality within 
the process window. It is interesting to notice that the sudden reduction of life-
time in Figure 6.7 coincides with the abrupt loss of H in Figure 6.9 at around 
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300˚C. As 300˚C is close to the commonly reported H effusion temperature, the 
reduction of lifetime beyond the optimal temperature is indeed due to H effusion. 
Comparing the trend shown in Figure 6.7 and Figure 6.9, it can be concluded 
that the passivation quality of a-SiOx:H(i) is strongly influenced by CH in the 
film, similar to its a-Si:H(i) counterpart. This observation is also intuitive be-
cause interface passivation in such samples utilises H atoms to saturate the dan-
gling bonds as well. Yet, in this study, the apparent large process window in 
terms of temperature is mainly benefited from the gentle and wide slope that 
crosses a temperature range of more than 200˚C, with a constantly decreasing 
R. The excellent lifetime at the optimal condition is a result of a much higher 
CH (> 20 at.%) compared to standard a-Si:H(i) thin film. 
6.3.3.3. Optical properties 
The optimised a-SiOx:H(i) film has demonstrated excellent passivation 
properties due to enhanced H content and bonding structure. However, in order 
to apply the film to HET solar cells, optical properties are equally important. 
Therefore, Tauc method is used to find the optical bandgap from SE fitting re-
sult. The results are shown in Figure 6.10. 
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Figure 6.10: Optical bandgap as a function of process temperature. A linear de-
pendence of bandgap on the temperature can be observed. The line is a guide to 
the eye. 
The optical bandgap increases almost linearly with the deposition tempera-
ture despite the fact that CH reduces, as shown in Figure 6.9. In the case of 
a-Si:H(i), optical bandgap is positively dependent on CH [200] in the film. In 
this case, the contradiction could possibly be explained with an altered O bond-
ing structure. As shown in Figure 6.8, high temperature shifts the O bonding 
configuration in a-SiOx:H(i) thin films to a higher mode. This change can be 
one of the reasons for the improved optical bandgap. The optical bandgap at the 
optimal temperature is above 2 eV, which can greatly suppress the optical ab-
sorption at low wavelengths and improve Jsc when applied in HET solar cells. 
On the other hand, the film thickness reduces slightly (not shown) with the 
process temperature, despite the same deposition time. Since the thickness is 
obtained from SE fitting, one can argue that the reduction in thickness is due to 
the increased film density at a higher temperature. Indeed, the loss of H content 
and the reduction of micro-void volume (see Figure 6.9) indicates an optically 
compact network, therefore causing a reduction in the apparent film thickness. 
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The reduction of thickness also has an impact on the film morphology, altering 
its crystallinity and optical bandgap as well [248]. 
6.3.4. Comparison with existing passivation schemes 
6.3.4.1. Passivation quality 
In order to demonstrate the excellent surface passivation result of the opti-
mised a-SiOx:H(i) thin film, a comparison in terms of lifetime between ICP-
deposited a-SiOx:H(i) film and some existing high-quality passivation schemes 
is made. The results are shown in Figure 6.11(a). 
 
Figure 6.11: Measured QSSPC lifetime of the optimised a-SiOx:H(i) film as a 
function of minority carrier injection level. The calculation of effective surface 
recombination velocity is based on the wafer thickness used in this work. The 
dashed line represents the intrinsic limit of the 1 Ωcm wafer, assuming no ex-
trinsic recombination [82]. For comparison, existing high-quality passivation 
schemes from Kerr and Cuevas [54, 56], Duttagupta et alia [55], Wan et 
alia [231], Mueller et al. [34, 39] and Ge et al. [214] are also shown in the graph; 
(b) Dit extracted from lifetime curve fitting on selected passivation schemes 
shown in (a) using a simplified closed-form interfacial dangling bond recombi-
nation model from Olibet et alia [43]. Extrinsic c-Si bulk recombination mech-
anisms are excluded from the simulation. 
From Figure 6.11(a), it can be concluded that the a-SiOx:H(i) thin film re-
ported in this study has a similar (or slightly better) effective lifetime compared 
to other schemes, despite the use of solar-grade Cz wafers in this work com-
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pared to high-quality FZ wafers in the literature. It should be noted that the re-
ported lifetimes in this work are as-deposited values. Comparing the lifetime of 
the ICP-deposited a-SiOx:H(i) films to that of Mueller et alia [34, 39], which 
appeared to be the record lifetime on 1 Ωcm FZ wafers at the time of reporting, 
the ICP-deposited a-SiOx:H(i) films yield an even slightly better surface pas-
sivation quality, which may be attributed to the low-damage remote ICP depo-
sition. The optimised passivation layer features a high lifetime of over 4.7 ms 
at an injection level of 1015 cm-3 with an equivalent Seff of below 1.7 cms-1 and 
a Voc,imp of 741 mV. This voltage is excellent considering the solar-grade Cz 
wafers used. Therefore, the ICP-deposited a-SiOx:H(i) film has demonstrated 
great potential for the use in HET solar cells. 
Using a simple closed-form interfacial dangling bond recombination 
model [43] with no extrinsic c-Si bulk recombination, Dit is extracted from se-
lected passivation schemes in Figure 6.11(a). The input parameters to the model 
are summarised in Table 6.2. The fitting results are shown in Figure 6.11(b). As 
a general observation, ICP-deposited a-SiOx:H(i) exhibits the lowest interfacial 
defect density, which agrees well with its superior surface passivation quality 
shown in Figure 6.11(a). Comparing ICP to CCP-deposited a-SiOx:H(i), the 
slightly lower Dit value might be a hint to the reduced plasma damage, benefited 
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Table 6.2: Values of input parameters for Dit simulation. 
Input parameters Value 
ND Varied according to the specific wafer resistivity 
vth 2×107 cms-1 
σ0p 10-16 cm2 
σ0p/σ0n 20 
σ-p/σ0p, σ+n/σ0n 500 
Qint q×1010 Ccm-2 
 
6.3.4.2. Optical properties 
As a front passivation layer in HET solar cells, the material should not only 
have excellent electronic passivation quality, but also be highly transparent so 
as to reduce the optical absorption in the layer. The better optical property also 
allows the use of a slightly thicker passivation layer to enhance the passivation 
quality. Therefore, material with high bandgap and low absorption coefficient 
is preferred. With excellent τeff and ideal Eg demonstrated in the previous sec-
tions, a comparison on α between ICP-deposited a-SiOx:H(i) and other materials 
is made in Figure 6.12. 
 
Figure 6.12: Absorption coefficient as a function of photon energy. For com-
parison, the absorption coefficients of crystalline Si [175] and a-Si:H(i) [249] 
are shown in the same graph. ICP-deposited a-SiOx:H(i) film shows excellent 
optical properties compared to a-Si:H(i) throughout the whole wavelength range. 
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Comparing to the standard a-Si:H(i) film, ICP-deposited a-SiOx:H(i) has a 
much lower α across the whole energy range in Figure 6.12, showing excellent 
optical property. This might be due to the suppressed band-to-band and sub-
band absorption, benefited from the high bandgap and the low defect density in 
the film. Therefore, ICP-deposited a-SiOx:H(i) deposited in this work has supe-
rior optical properties. 
6.3.4.3. Stability 
The stability of the passivation layer is investigated in this section by storing 
the samples in dark environment and monitoring the effective lifetime in regular 
intervals. The first lifetime measurement is usually conducted two minutes after 
deposition. Subsequent measurements are made once every 24 hours, through-
out a period of one week. The results are shown in Figure 6.13. 
 
Figure 6.13: Effective lifetime as a function of time after deposition. The pas-
sivation quality of a-SiOx:H(i) film (20 nm) hardly degrades even after one-
week storage. For comparison, the lifetime degradation data of ICP-deposited 
a-Si:H(i) [38] (11.1 nm) is superposed in the same graph. The a-Si:H(i) pas-
sivation layer shows constant degradation immediately after the deposition. 




 a-SiOx:H(i) (this work)







time after deposition (s)
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It can be observed that the ICP-deposited a-SiOx:H(i) film (20 nm) in the 
as-deposited state shows negligible degradation after one-week storage, as re-
flected by the almost constant τeff over time. On the other hand, the ICP-
deposited a-Si:H(i) from Pysch et al. [38] shows severe degradation after two 
days of storage. The relatively more stable behaviour of ICP-deposited 
a-SiOx:H(i) might be due to: (a) a slightly thicker film in this work that shields 
the delicate interface from the environment and (b) a less sensitive interface 
against degradation due to the incorporation of O atoms during the deposition. 
Therefore, it can be concluded that the passivation film developed in the present 
work is robust against degradation caused by the exposure to ambient environ-
ment. It should be noted that passivated wafers are usually sent for subsequent 
processing (doped layers and TCO depositions) immediately after the deposi-
tion. Long-time exposure to the ambient environment is rarely observed in in-
dustrial processes. Thus, the stable ICP-deposited a-SiOx:H(i) will definitely 
maintain its excellent passivation quality during the short time periods between 
different processes. The same stable behaviour was also reported by  
Larionova et alia [250], however, only with an a-SiNx:H capping layer. 
6.4. Conclusions 
In this chapter, a novel passivation scheme featuring low-temperature ICP-
deposited a-SiOx:H(i) thin films is presented. By tuning the CO2 partial pressure 
and the process temperature, the thin film is optimised in terms of passivation 
and optical quality. An excellent as-deposited lifetime on solar-grade n-type Cz 
wafers of over 4.7 ms with Seff of less than 1.7 cms-1 is obtained. At the same 
time, the film also has a large bandgap and low absorption coefficient, showing 
excellent optical properties as well. Comparing to typically used a-Si:H(i) thin 
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films, the ICP-deposited a-SiOx:H(i) shows superior stability against degrada-
tion after being exposed to the ambient environment. It is proposed that the ICP-
deposited a-SiOx:H(i) is an alternative candidate for high-quality surface pas-
sivation layers in HET solar cell applications. 
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7.1. Introduction 
Motivated by the success of Panasonic, conventional HET cells use a-Si:H(i) 
as the passivation layer [14, 15, 26, 214]. However, in order to reach excellent 
passivation quality, the a-Si:H(i)/c-Si interface must be atomically abrupt and 
well-formed [40]. Furthermore, a-Si:H(i) must be deposited near the so-called 
amorphous to microcrystalline transition region in order to achieve the best pas-
sivation level [64, 192]. Yet, even slightly higher deposition temperature may 
lead to epitaxial layer formation and greatly harm the passivation quality [40]. 
In order to reach the amorphous to microcrystalline transition, H dilution is usu-
ally used. Such dilution is shown to induce epitaxial growth as well [64, 192, 
214]. When depositing near the mentioned transition region, the delicate bal-
ance among the various plasma species imposes another difficulty in process 
control [27]. Therefore, a-Si:H(i) passivation layer has an extremely narrow 
process window, especially in terms of the temperature [40]. Such a narrow pro-
cess window limits its industrial applicability, due to stringent quality control 
requirements. 
Continuing from the previous chapter, further analysis on ICP-deposited 
a-SiOx:H(i) is carried out in order to show its superior properties in terms of 
* The main results of this chapter form the basis of a journal paper manuscript: J. Ge, M. Tang, 
J. Wong, R. Stangl, Z. Zhang, T. Dippell, M. Doerr, O. Hohn, M. Huber, P. Wohlfart, 
A.G. Aberle and T. Mueller, Manuscript was submitted to IEEE J. Photovolt. (2014). 
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process window. It was already demonstrated by Fujiwara et al. [41] and  
Rattanapan et al. [65] that a-SiOx:H(i) is able to suppress the epitaxial growth. 
However, the exact process window enhancement compared to a-Si:H(i) is not 
well studied so far. Therefore, the influence of temperature on the passivation 
quality of a-Si:H(i) and a-SiOx:H(i) layers using the same ICP tool and sample 
structure is investigated and compared in this chapter. It is shown that an ICP-
deposited a-SiOx:H(i) thin film has a much improved temperature process win-
dow compared to a-Si:H(i) due to epitaxial growth suppression. 
7.2. Experimental details 
The a-Si:H(i) and a-SiOx:H(i) thin films are fabricated in the 
SINGULAR-HET. Details of this tool and fabrication process can be found in 
Section 3.3.3.3. The thin films are deposited onto both sides of solar-grade pla-
nar 160 µm thick 6-inch-wide Cz wafers with crystal orientation of (100) and 
resistivity of 1 Ωcm. The film thickness is controlled at about 25 nm for both 
types of films. The characterisation techniques used in this chapter are similar 
to those described in Section 6.2, except that a different Raman system is used 
(488 nm laser with a spectral resolution of 2 cm-1). In order to gain more insight 
into the interfacial properties, a high-resolution transmission electron micro-
scope (FEI Tecnai F20 with an electron energy of 200 keV) is used to accurately 
determine the film thickness and to observe interfacial structures at different 
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Power 750 W 750 W 
Deposition time ~20 seconds ~20 seconds 
H dilution ratio (r) 100% 100% 
CO2 partial pressure (χo) - 10% 
Deposition temperature 50 - 200 ˚C 50 - 400 ˚C 
7.3. Results and discussion 
7.3.1. Passivation quality 
In order to compare the passivation quality of a-Si:H(i) and a-SiOx:H(i) thin 
films, τeff at different process temperatures for the two materials are superposed 
in Figure 7.1. Note that τeff reported for a-SiOx:H(i) are as-deposited values. 
 
Figure 7.1: τeff of as-deposited a-Si:H(i), annealed a-Si:H(i) and as-deposited 
a-SiOx:H(i) as functions of process temperature. For a wide range of more than 
200˚C, τeff of a-SiOx:H(i) passivated wafers stays above 1 ms, showing good 
passivation quality with a large process window. The process window for 
a-Si:H(i) is, on the other hand, as narrow as 50˚C. The horizontal dotted line 
represents the assigned τeff baseline. The other lines are guides to the eye. 















Chapter 7 Process Window Analysis for ICP-deposited a-SiOx:H(i) Pas-
sivation Layer 
Both a-Si:H(i) and a-SiOx:H(i) display an increasing τeff with temperature, 
followed by a reduction. The improvement is due to a less defective network 
benefited from thermal relaxation [32, 35]. However, the degradation of τeff for 
the two materials is due to different mechanisms, namely epitaxial growth for 
a-Si:H(i) and H effusion for a-SiOx:H(i).  
Although both materials display similar behaviour with respect to the pro-
cess temperature, a much wider temperature window is clearly observed in 
a-SiOx:H(i) compared to a-Si:H(i). Assigning 1 ms (horizontal dotted line in 
Figure 7.1) as the baseline for surface passivation quality, τeff for a-SiOx:H(i) 
stays above the baseline under different process temperatures ranging from  
100 to 350 ˚C, demonstrating an extremely wide process window. On the other 
hand, a-Si:H(i) thin film is only able to maintain a “decent” passivation quality 
with process temperatures ranging from 75 to 125 ˚C, with a τeff peak at about 
100˚C. The passivation quality for a-Si:H(i) improves after a thermal annealing 
when the deposition temperature is below the peak, due to the well-known ex-
ponential reduction of the interfacial defect [47, 251]. However, once the pro-
cess temperature is above 120˚C, thermal annealing brings drastic reduction on 
lifetime. This phenomenon is a typical signal of epitaxial growth [130], due to 
low CH and the depletion of interfacial H after annealing. Furthermore, the tem-
perature at which epitaxial layer starts to form agrees well with the value re-
ported by Fujiwara et alia [40]. Therefore, the epitaxial growth limits the pro-
cess window for a-Si:H(i). It should also be noted that besides the wider process 
window, the as-deposited a-SiOx:H(i) passivation layer also demonstrates supe-
rior peak passivation quality compared to a-Si:H(i). 
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7.3.2. Bonding configurations 
In order to investigate the morphological change in the film at increasing 
temperature, FTIR transmission analysis is carried out. Following the procedure 
described in Section 3.4.4, CH and R are determined and shown in Figure 7.2. 
 
Figure 7.2: CH and R obtained from FTIR transmission analysis for a-Si:H(i) 
and a-SiOx:H(i) thin films in as-deposited states as functions of deposition tem-
perature. Sudden reduction of CH is observed for a-Si:H(i), signalling a possible 
epitaxial growth. CH reduces gently in the case of a-SiOx:H(i) with no sign of 
crystalline growth. Instead, it displays a plateau feature with temperature. The 
indicated transition region applies only to a-Si:H(i) and is for reference only. 
The lines are guides to the eye. 
In both cases, R reduces almost linearly with increasing temperature, show-
ing a better network with less micro-voids. However, the behaviour of CH in 
a-Si:H(i) is different from that in a-SiOx:H(i). For a-Si:H(i), CH reduces gently 
from about 16 to 15 at.% up to a process temperature of about 100˚C, resulting 
in a rapid increase of τeff. After that, CH reduces drastically with temperature to 
as low as 6 at.% within a temperature span of 50˚C. This sudden reduction is a 
typical signature of epitaxial growth commonly reported in the literature [64, 
192]. The initial high CH is a result of the entrapment of H in SiH2 state at low 
temperatures [60]. Elevated temperature releases these trapped H atoms and 
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causes slow reduction of CH and R, resulting in an improvement of the pas-
sivation quality. Once beyond the optimal temperature, epitaxial Si starts to 
grow and forms a microcrystalline network. As epitaxial Si is proven to be de-
fective and contains much less H compared to a-Si:H(i), τeff decreases signifi-
cantly as a result of increasing DB density and the depletion of H atoms at the 
interface. The narrow transition region (only suggestive) shown in Figure 7.2 
indicates the morphological change from amorphous to microcrystalline phase. 
As the best passivation quality is usually obtained at the onset of this transi-
tion [64], good τeff of a-Si:H(i) can only be achieved within this 50˚C tempera-
ture band. Indeed, compared to Figure 7.1, “decent” passivation quality in 
a-Si:H(i) is achieved only within this band. Thus, the process window for 
a-Si:H(i) is quite limited. 
On the other hand, CH in a-SiOx:H(i) does not show similar epitaxial behav-
iour. CH at low temperature is above 30 at.%. Together with a high R, it indicates 
a void-rich network with trapped H clusters at low process temperature. This 
might be the reason for the unsatisfactory passivation quality obtained in this 
temperature range. As the temperature increases, CH reduces due to similar rea-
sons as a-Si:H(i). At the same time, R reduces in a linear manner, resulting in a 
more compact network structure with less micro-void volume, thus a better pas-
sivation quality. It is interesting to observe that CH displays a plateau feature 
between 100 and 300 ˚C, in which CH stays almost constant at about 22 at.% 
regardless of the temperature. As H atoms can easily attach to Si atoms that are 
back bonded by O atoms [237], it is postulated that the inclusion of an appro-
priate amount of O atoms (e.g., using 10% CO2 during the deposition in this 
study) in the network slows down the H depletion in the film, resulting in the 
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plateau feature. It should be noted that the sudden CH reduction beyond 300˚C 
is partially due to H effusion as this temperature is close to what was reported 
in the literature [34, 247]. H effusion results in the reduction of the passivation 
quality due to the increase of defect density, as reflected in Figure 7.1. Compar-
ing with Figure 7.1, it can be observed that the suggestive process window al-
most coincides with the plateau of CH in Figure 7.2. Therefore, it can be con-
cluded that the large process window in a-SiOx:H(i) thin film is the result of a 
suppressed epitaxial growth and a slow depletion of CH at elevated temperatures. 
At the same time, the much higher CH in a-SiOx:H(i) due to O atom inclu-
sion [237] compared to a-Si:H(i) provides additional H atoms to passivate the 
interfacial defects, resulting in a much better passivation quality. 
7.3.3. Crystallinity 
In order to further investigate the influence of process temperature on film 
structure, Raman spectroscopy is utilised on a-Si:H(i) and a-SiOx:H(i) samples 
on glass. The zoomed-in spectra from 400 to 550 cm-1 are shown in Figure 7.3. 
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Figure 7.3: Zoomed-in Raman spectra for (a) a-Si:H(i) and (b) a-SiOx:H(i) from 
400 to 550 cm-1 at different process temperatures. Characteristic peaks for amor-
phous, transitional and crystalline phases are labelled as 480, 510 and 520 cm-
1, respectively. Crystalline peak for a-Si:H(i) starts to become significant at tem-
perature above 99˚C, indicating an epitaxial growth. Such a behaviour is not 
observed in a-SiOx:H(i) samples up to 378˚C. The lines are guides to the eye. 
For a process temperature below 100˚C, the a-Si:H(i) Raman spectra display 
an amorphous nature, as reflected in the dominant peak at 480 cm-1 and no ob-
servable peaks at 510 and 520 cm-1. As the temperature increases, features at 
510 and 520 cm-1 start to appear and become more significant with increasing 
temperature. As the appearance of peaks at these two Raman wavenumbers is a 
typical indicator to the crystalline phase inside the film [252], it can be con-
cluded that a-Si:H(i) thin film tends to become microcrystalline at temperatures 
above 100˚C. This temperature is also close to what was reported by Fujiwara 
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pearance of the 520 cm-1 peak coincides with the onset of the sudden CH reduc-
tion near the process window, proving that the reduction in CH and passivation 
quality is indeed due to an epitaxial growth. Furthermore, the more significant 
520 cm-1 peak at higher temperatures indicates a more complete epitaxial nature 
of the film.  
In contrast, the Raman spectra of the a-SiOx:H(i) samples do not show much 
dependence on the process temperature. For all temperatures used in this study, 
only a dominant amorphous peak can be observed. Therefore, a SiOx:H(i) does 
not display any epitaxial nature for process temperatures up to 378˚C. It should 
also be noted that the sudden reduction of CH shown in Figure 7.2 does not relate 
to epitaxial growth, but rather relates to H effusion at this temperature range. 
For a more detailed and quantitative analysis, Xc is calculated and illustrated 
in Figure 7.4. 
 
Figure 7.4: Xc and EMA crystallinity for (a) a-Si:H(i) and (b) a-SiOx:H(i) thin 
films as functions of process temperature. The suggestive transition region has 
the same position and width as that in Figure 7.2. a-Si:H(i) displays epitaxial 
growth at temperatures higher than 100˚C with increasing crystallinity, but 
a-SiOx:H(i) stays amorphous for the whole temperature range used in this work. 
The increase of EMA crystallinity after 300˚C is due to the formation of a crys-
talline layer. The discrepancy between Raman and EMA crystallinity is due to 
substrate difference. The lines are guides to the eye. 
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From Figure 7.4(a), it can be seen that Xc increases with temperature for 
a-Si:H(i). Using the suggestive transition region as a separator, much more rapid 
increase in Xc is observed once the process temperature is outside the transition 
region. The highest Xc reached in this study is about 18% at a process tempera-
ture of 170˚C, showing a microcrystalline nature of the film. On the other hand, 
Xc for a-SiOx:H(i) does not show a clear dependence on temperature, as shown 
in Figure 7.4(b). It stays at below 2% for the whole temperature range.  
For comparison, the crystallinity obtained from the EMA model is also 
shown in Figure 7.4. In both materials, similar trend between EMA crystallinity 
and Xc can be observed. Especially for a-Si:H(i), an extremely high crystallinity 
of over 50% is obtained at 170˚C, showing a clear epitaxial nature. For 
a-SiOx:H(i), EMA crystallinity displays an abrupt (but small) increase after 
300˚C, which differs from Xc behaviour. This increase is attributed to the for-
mation of a thin crystalline layer at high temperatures, which will be elaborated 
more in the next section. It should be noted that there is large discrepancy be-
tween the film crystallinity calculated using Raman and the EMA model. This 
can mainly be attributed to the different substrates on which the films are de-
posited. A glass substrate is amorphous in nature and tends to suppress crystal-
line growth at low film thickness [65]. Therefore, Raman measurement tends to 
underestimate the real crystallinity when the film is deposited on glass substrate. 
This is also the reason for the relatively low 520 cm-1 peak intensity of the epi-
taxial film in Figure 7.3(a). It is interesting to observe that, despite the substrate 
difference, the Raman and EMA crystallinities of a-SiOx:H(i) samples do not 
show a clear disparity below 300˚C, as shown in Figure 7.4(b). This can be 
regarded as another evidence for the suppressed epitaxial growth. It is noted that 
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Rattanapan et al. [65] have obtained a-SiOx:H(p) films with over 40% crystal-
linity on glass, which is much higher than the results shown in this section. This 
is probably due to the use of a high r and dopant gas by the mentioned group in 
order to intentionally form a microcrystalline emitter layer. The difference in 
plasma chemistry (CCP in their work vs. ICP in this work) might be another 
reason for the disparity in crystallinity. 
7.3.4. Interfacial structure 
For a more detailed study on the film structure and morphology relating to 
the process temperature, HRTEM analyses are performed on three selected sam-
ples, namely a-Si:H(i) deposited at 99 and 170 ˚C, and a-SiOx:H(i) deposited at 
314˚C. The results are shown in Figure 7.5. It should be noted that the measured 
film thicknesses agree well with those obtained from SE fitting. Therefore the 
optical model used in this work is valid for both materials. 
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Figure 7.5: HRTEM images for a-Si:H(i) thin films deposited at (a), (b) 99˚C; 
(c), (d) 170˚C and (e), (f) a-SiOx:H(i) thin film at 314˚C, in which (a), (c) and 
(e) are taken at low magnification, whereas the other images are taken at high 
magnification. a-Si:H(i) at 99˚C shows an abrupt interface without any epitaxial 
growth, which results in a good passivation quality. Severe epitaxial growth is 
observed once the temperature is set to 170˚C, with the reduction of τeff. a-
SiOx:H(i) does not display serious epitaxial behaviour even at 314˚C. Only an 
extremely thin crystalline layer is observed. 
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For a-Si:H(i) deposited at 99˚C, an abrupt interface between the buffer layer 
and c-Si wafer is observed. The uneven interface is due to the native roughness 
on unpolished wafer surface. The abrupt junction can also be deduced from Ra-
man and FTIR measurements, as illustrated in the previous sections. The ab-
sence of epitaxial growth ensures good surface passivation quality, as reflected 
in Figure 7.1. However, once the deposition temperature is set to 170˚C, severe 
epitaxial growth is observed, as shown in Figure 7.5(c) and (d). The interface 
becomes poorly defined and this results in huge passivation quality losses, as 
shown in Figure 7.1. 
On the other hand, a-SiOx:H(i) film deposited at a high temperature of 314˚C 
does not show such a serious morphological change. The film stays amorphous 
for almost the entire layer, except for a very thin crystalline layer (2 - 3 nm) near 
the interface, which shows crystalline behaviour (see Figure 7.5(e) and (f)). 
Comparing with EMA crystallinity in Figure 7.4(b), it can be concluded that  
a-SiOx:H(i) stays amorphous for all temperatures below 314˚C, which seems to 
be the optimal deposition temperature in this study. The formation of the crys-
talline layer is reflected in Figure 7.4(b) by the sudden (but very small) increase 
in EMA crystallinity above 300˚C. Such a layer is formed before the nucleation 
of the growing film [253] and is largely dependent on the ion energy impinging 
onto the wafer surface [254]. As the kinetic energy of the ions in an ICP system 
is reported to be much lower [29, 38, 67] compared to the threshold energy that 
is sufficient to favour amorphous growth, as found by Rath et alia [254], the 
crystalline layer is formed due to lack of ion bombardment onto the growing 
surface. Furthermore, with reference to a-Si:H(i), the high temperature used in 
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a-SiOx:H(i) fabrication might be another reason for this crystalline layer. Nev-
ertheless, it seems that such a thin layer does not affect the passivation quality. 
It should also be noted that the sudden reduction of CH shown in Figure 7.2 
could as well be due to the formation of the crystalline layer. However, due to 
the onset of H effusion, effects of these two phenomena cannot be discriminated 
in this case. Comparing to the work by Zhou et alia [28], who have shown an 
layer of about 30 nm, the suppression of such a layer formation by using the 
optimal deposition conditions in this work might be the key to achieving a high 
passivation quality and a wide process window. 
7.4. Conclusions 
In this chapter, the passivation quality of ICP-deposited a-Si:H(i) and 
a-SiOx:H(i) films on planar c-Si wafers is compared at different deposition tem-
peratures. It is shown that the temperature dependence of the passivation quality 
for a-SiOx:H(i) is much weaker than that for a-Si:H(i), resulting in a much im-
proved process window of more than 200˚C. The wide process window is due 
to the suppressed epitaxial growth and a reduced crystalline layer thickness at 
high process temperatures, as evidenced in the low crystallinity and a smooth 
change in CH with temperature. An HRTEM study also reveals an abrupt inter-
face with only a very thin crystalline layer at a high deposition temperature. In 
contrast, a-Si:H(i) displays a microcrystalline nature for all deposition temper-
atures above 100˚C used in this study, resulting in the reduction of the pas-
sivation quality.  
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Furthermore, the achieved passivation quality for a-SiOx:H(i) is also found 
to be superior compared to that for a-Si:H(i), due to a much higher CH to saturate 
interfacial DBs. 
In conclusion, ICP-deposited a-SiOx:H(i) is a promising candidate to replace 
a-Si:H(i) as passivation layers in HET solar cells, due to a superior passivation 
quality and a significantly improved process window. The latter observation is 
especially relevant to industrial applications. 
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8.1. Summary 
The main achievement presented in this thesis was the development and op-
timisation of amorphous Si alloys as surface passivation layers for HET solar 
cells using an industrial ICPECVD pilot line tool. The choice of the passivation 
layer as the focus of this work is due to its importance in high-efficiency HET 
devices [14, 15, 21, 30]. As the electronic passivation quality determines Voc, 
Jsc and FF of the solar cell devices, an improvement in the PV efficiency and 
productivity is expected from an advanced passivation scheme with an alterna-
tive material, a less damaging ICP reactor and a more robust fabrication process. 
All passivation layers (a-SiOx:H(i)) investigated in this thesis were deposited by 
decomposing SiH4, H2 and CO2 in an industrial inductively coupled plasma re-
actor. With the freedom to choose the reactor type and various plasma parame-
ters, the passivation properties and process window of a-Si:H(i) and a-SiOx(i) 
films were investigated and optimised. Through various characterisation, the 
passivation mechanism and process window for ICP-deposited a-SiOx:H(i) was 
well investigated and understood. Comparing to a-Si:H(i), a-SiOx:H(i) has 
demonstrated excellent passivation quality and process robustness. In particular, 
the robust process benefited from the wide process window of a-SiOx:H(i) 
promised an excellent industrial applicability. At the same time, a better pas-
sivation quality was also observed from the low-damage ICP process. On the 
other hand, the successful development of a high-quality surface passivation 
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material using a novel high-throughput ICP reactor has demonstrated the feasi-
bility to industrialise HET solar cell fabrication on a larger scale. 
8.1.1. a-Si:H(i) 
The study on a-Si:H(i) as a passivation material first focused on an investi-
gation aiming to establish a high-quality reference for subsequent research. As 
this material is generally well studied, attention was paid on the reproduction of 
available literature work using a CCP cluster tool with thick (> 100 nm) a-Si:H(i) 
films to eliminate second-order effects on the passivation quality. It was found 
that τeff increased with chamber pressure and deposition temperature, due to a 
higher CH and better SiH bonding configurations, respectively. τeff showed a 
strong dependence on r, with a peak near the amorphous to microcrystalline 
transition region (r = 100%). The results in this research agreed well with liter-
ature reports. With the optimised τeff of 3.66 ms, this investigation served as a 
good starting point for further investigations into this material. 
The research then moved on to the investigation of the process window for 
CCP-deposited a-Si:H(i) at a device relevant thickness. Though many reports 
have shown a rather narrow process window for the a-Si:H(i) passivation layer, 
the limitation mainly applied to the process temperature and the H dilution ratio 
if not properly selected [40, 64, 192]. In this work, however, an extremely nar-
row process window was observed in terms of the deposition pressure. Through 
analysis using OES, it was found that the small process window was a result of 
a transition microcrystalline state that separated two other microcrystalline re-
gimes characterised by H diffusion and etching models. By monitoring the OE 
intensity change for H and SiHx precursors, the proposed growth models were 
clearly visible and proven. Therefore, besides the temperature and r, the unique 
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delicate balance between the deposition precursors and the energetic ions when 
working close to the onset of the morphological transition region imposed an-
other difficulty in material optimisation and industrial process control. 
8.1.2. a-SiOx:H(i) 
In order to develop a high-quality surface passivation scheme, an alternative 
passivation material for HET solar cells with fewer processing restrictions, such 
as stringent temperature and pressure requirement, was developed in this thesis. 
Some groups have reported on the excellent surface passivation quality of 
a-SiOx:H(i) using PECVD techniques [28, 29, 34, 39, 41, 103, 234], with a par-
ticular emphasis on the suppression of epitaxial growth by adding O atoms dur-
ing the process. Therefore, it is worthwhile to further investigate a-SiOx:H(i) 
passivation for industrial HET solar cell applications. Unlike a-Si:H(i), this the-
sis focused on the optimisation of a-SiOx:H(i) using a high-throughput 
ICPECVD system in order to improve the passivation quality further through 
the reduction of plasma induced surface damage [29, 38, 67]. So far, very few 
reports exist in the literature that deal with ICP-deposited a-SiOx:H(i) pas-
sivation layers on n-type c-Si wafers. This thesis is, therefore, a pioneer work 
in relation to state-of-the-art ICP-deposited a-SiOx:H(i) passivation layers on 
solar-grade n-type Cz wafers. 
In the ICP system used in this work (SINGULAR-HET), the a-SiOx:H(i) 
deposition rate was found to be insensitive to the parameter variations being 
investigated, which relaxed the requirement for thickness control. The high dep-
osition rate also ensured a high throughput (> 3000 wafers per hour) in industrial 
scale applications. Using a device relevant thickness (~20 nm), it was found that 
there exists an optimal χo in terms of passivation quality. TOF SIMS and FTIR 
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analyses revealed that the reduction of τeff beyond the optimal point was mainly 
due to the reduction in CH, rather than an increasing impurity content as in the 
experiments of Mueller et alia [34, 39, 103]. This might be due to different 
plasma reactor designs, different plasma decomposition of the species in ICP vs. 
CCP and different excitation frequencies (RF in ICP vs. VHF in CCP). A dep-
osition temperature experiment revealed that the optimum passivation quality 
was achieved over 200˚C, which was much higher than in the case of a-Si:H(i) 
passivation. On the other hand, τeff stayed above 1 ms for a wide temperature 
range with a slow depletion of CH against temperature. Comparing the best τeff 
obtained in this work with that from other existing high-quality passivation 
schemes, the ICP-deposited a-SiOx:H(i) on solar-grade Cz Si wafers demon-
strated an improved effective lifetime when symmetrically passivating n-type 
silicon wafers with similar doping concentration. The superior lifetime by ICP 
might stem from the reduced ion bombardment to the wafer surface during dep-
osition, as evidenced from the reduced Dit compared to CCP-deposited films. 
Furthermore, the optical properties of the ICP-deposited a-SiOx:H(i) films 
clearly outperformed those of PECVD a-Si:H(i) films, over the entire wave-
length range relevant to c-Si solar cell operations. Besides excellent passivation 
and optical properties, a-SiOx:H(i) films also exhibited superior stability against 
degradation when exposed to the ambient environment, which was lacking in 
device relevant a-Si:H(i) materials. Therefore, the ICP-deposited a-SiOx:H(i) 
films developed in this work showed promise for replacing the traditional  
a-Si:H(i) films in industrial HET solar cell applications. 
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In order to investigate the wide process window for ICP-deposited 
a-SiOx:H(i) and the unusual CH behaviour with respect to the deposition tem-
perature, a comparison with ICP-deposited a-Si:H(i) was carried out in the last 
phase of this work. Similar to CCP-deposited a-Si:H(i), the temperature process 
window was very narrow for ICP-deposited a-Si:H(i). HRTEM, FTIR and Ra-
man studies revealed severe epitaxial growth and very low CH at deposition 
temperatures higher than 100˚C. In contrast, ICP-deposited a-SiOx:H(i) films 
displayed good passivation quality for all deposition temperatures above 125˚C. 
Even at a very high temperature used in this work (~ 314˚C), no clear epitaxial 
growth was observable in TEM images, except for a very thin crystalline layer. 
Therefore, the addition of O atoms during the plasma process was proven to 
suppress the epitaxial growth. The optimal condition in this work also mini-
mised the crystalline layer thickness, which also benefited the passivation qual-
ity [28]. 
In conclusion, an excellent passivation quality with an improved process 
window and good stability against degradation was obtained using ICP-
deposited a-SiOx:H(i) films. The good passivation quality was found to benefit 
from the reduced plasma damage from the ICP process, as reflected by the re-
duced Dit compared to CCP-deposited films. The observed high CH in ICP-
deposited a-SiOx:H(i) thin film due to O inclusion was another key to the supe-
rior surface passivation. On the other hand, the suppressed epitaxial growth and 
slowed H depletion due to Si-O bonding resulted in a wide temperature process 
window and a more robust deposition process. 
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8.1.3. Novel industrial ICP platform SINGULAR-HET 
Besides material development, this thesis has shown great success in apply-
ing the novel industrial ICP tool into HET solar cell fabrication. Comparing to 
the standard CCP process, the ICP reactor provided a much higher deposition 
rate of 7 Ås-1 for the buffer layer deposition. For device relevant film applica-
tions, only 1 - 2 seconds per layer were necessary. This promised a throughput 
of more than 3000 wafers per hour (four wafers at a time) and greatly enhanced 
the productivity in an industrial-scale production. Furthermore, ICP also re-
duced the interfacial defect density compared to CCP process, as shown in 
Chapter 6. Comparing ICP and CCP-deposited passivation materials, ICP dep-
osition gave a much lower Dit, thanks to the reduced ion bombardment during 
the soft deposition process. This discovery promised possible improvements in 
the surface passivation (and the PV efficiency), without changing the material. 
As mentioned earlier, there are very few reports in the literature that studied 
the surface passivation of n-type HET solar cells using ICP reactors. Therefore, 
this thesis has made significant contributions not only in demonstrating the ex-
cellent passivation and robustness of ICP systems, but also in illustrating a pos-
sible industrial process with high throughput for HET solar cell fabrications. 
In conclusion, a novel ICP-deposited a-SiOx:H(i) passivation layer was de-
veloped and optimised in this thesis with excellent surface passivation quality, 
optical property, stability and process window. The material, together with the 
novel pilot line ICP tool, is readily applicable to the industrialisation of HET 
solar cells. 
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8.2. Future research work 
8.2.1. General proposal 
Electrical properties: Although the main function of the surface passivation 
layer is to reduce recombination, its electrical property is equally important as 
charge carriers have to pass through in order to be collected. Due to the scope 
of this thesis, electrical properties, such as dark and light conductivity, were not 
investigated. Therefore, future research of ICP-deposited a-SiOx:H(i) should fo-
cus on this aspect in order to make the study more comprehensive. 
Optical properties: Some optical properties of the passivation materials, such 
as Eg and α, were briefly investigated in this work. However, the calculation of 
such quantities was based on indirect methods (such as SE fitting). Direct meas-
urements using spectrophotometer should be considered in order to obtain more 
solid conclusions. 
Device performance: Due to the limitations on the fabrication equipment, the 
application of the developed surface passivation layer into complete HET solar 
cells is still ongoing. As device performance is the only and ultimate proof for 
the relevance of the passivation material, future work should focus on the de-
velopment of functional devices. 
8.2.2. Proposal for ICP-deposited a-SiOx:H(i) 
Deposition pressure: Freedom to control this parameter in the current ICP sys-
tem has been lacking due to the equipment design. Future experiments should 
consider changing this parameter through, for example, the adjustment of the 
turbo pump speed. The variation of pressure might as well have a similar impli-
cation on passivation quality, as in the case of CCP-deposited a-Si:H(i). 
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H2 dilution ratio: In order to avoid redundancy and ensure comparability with 
a-Si:H(i), r was always kept at 100% as this was the optimum for CCP-
deposited a-Si:H(i) in this work. However, the optimal r for ICP-deposited 
a-SiOx:H(i) might be different. Therefore, a thorough scan in r should also be 
attempted for ICP-deposited a-SiOx:H(i) layers in order to find the optimal con-
ditions.  
8.2.3. Proposal for HET solar cell fabrication 
As a key component in HET solar cells, this thesis only focused on the de-
velopment of an alternative surface passivation material using an industrial pilot 
line tool. Time constraints have excluded the investigation of other device com-
ponents, such as doped layers, TCOs and metal grids. However, this does not 
rule out the importance of these components. On the contrary, in order to 
demonstrate the capability of the ICP tool and to apply the developed method 
to industrial application, a cell level investigation is indispensable. 
The ICP reactor used in this thesis is ready for doped layer fabrication, by 
introducing appropriate doping gases. However, in order to deposit TCO layers 
using ICP instead of the conventional sputtering process, modifications to the 
system are necessary so that gaseous precursors can be fed into the chamber. By 
opting to a soft plasma deposition, severe ion bombardment and non-uniformity, 
that is often associated with the sputtering process, can be minimised. 
Therefore, full HET solar cell fabrication is feasible (except the metal parts) 
using this novel ICP tool. A detailed cost analysis using this high-throughput 
equipment on a cell level could also be a relevant topic for industrial applica-
tions. Judging from the excellent quality and throughput of the passivation layer 
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developed in this thesis, state-of-the-art cell level performance is expected in 
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